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Abstract
Kesterite type materials are researched for their ability to form thin film solar cell ab-
sorbers from earth abundant and non-toxic elements. Main routes to increase their ef-
ficiencies to the level of competing materials include compositional variations such as
deviations from stoichiometry and alloying. While the long range structural impacts
of these methods are well known, similarities with chalcopyrites indicate that the local
atomic structure will not change on the same order of magnitude. This thesis hence em-
ploys low temperature Extended X-ray Absorption Fine Structure spectroscopy (EXAFS)
measurements on off-stoichiometric or alloyed powder samples and thin films, to reveal
the small changes in local atomic environments. It is shown that kesterites tend to keep
many aspects of their local atomic structure despite major compositional changes. Yet,
both the impact of these small changes on band gap energy as well as further value of
probing the local atomic structure of kesterite thin films are demonstrated.
Referat
Kesterite sind Verbindungshalbleiter aus ungiftigen und vergleichsweise häufigen Ele-
menten, die als Absorber in Dünnschichtsolarzellen genutzt werden können. Häufig wird
ihre Zusammensetzung durch Variation der Stöchiometrie oder Legierung verändert, um
ihre Effizienz marktfähig zu machen. Die langreichweitigen, strukturellen Einflüsse dieser
Methoden sind wohl bekannt. Erkenntnisse aus den ähnlichen Chalcopyriten legen je-
doch nahe, dass die lokale atomare Struktur sich nicht im gleichen Maße ändert. In der
vorliegenden Arbeit wurde daher Extended X-ray Absorption Fine Structure spectroscopy
(EXAFS) verwendet, um Veränderungen in der lokalen Struktur von nicht stöchiometrischen
oder legierten Pulverproben und Dünnschichten auf winzigen Skalen zu analysieren. Es
zeigt sich, dass Kesterite viele Eigenschaften ihrer lokalen Struktur auch über signifikante
Zusammensetzungsveränderungen hinaus beibehalten. Trotzdem wird die Wichtigkeit
dieser Untersuchungen deutlich. So kann unter anderem der direkte Einfluss der lokalen
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It is a well known problem, that an increasing world population has an ever growing need
for energy. All while it is just as well known, that several of our main sources of energy
are based on finite resources like fossil fuels. Many are a danger to our environment
via imminent problems like nuclear power plants or secondary dangers like the long-term
problems associated with CO2 emissions. [1]
One major route towards sustainable, renewable and environment friendly energy is the
many different kinds of photovoltaics. While the origin of the energy itself, the sun, is a
long-term stable source on human scales, the collection and storage of its energy comes
with a variety of different approaches and challenges. The radiation characteristics of
the sun are not changeable, hence, the absolute amount of energy harvestable per surface
area is limited. On a given surface, this energy can be collected and transformed or
stored in a way, that serves human needs. Starting from the pure generation of thermal
energy by absorption of light, photovoltaics are still a rather direct approach to energy
harvesting, converting the energy of light into human usable electric power by means of
solar cells [2], made from different semiconductor materials [3, 4]. The most prominent
and widely used example is Si based technologies, but the increasing need for energy
results in a need for a massive upscaling in total solar cell surface on earth [5]. On this
route, several other materials, such as Cu(In,Ga)(S,Se)2 (CIGSSe), have shown the great
possibilities of thin films in solar cell applications [6]. They can change the cost structure
of solar cell devices [6] and enable new applications like the usage of flexible substrates,
printing of solar cells [7] and building integration beyond the typical panels on rooftops [8].
Several materials already compete on the market, and exhibit usable solar cell conversion
efficiencies well beyond 20 % [3]. Yet, major drawbacks in the wide application of such
cells already start with the raw materials needed. The European Commission has named
a set of so called Critical Raw Materials [9] (CRM), some of which are required for certain
solar cell technologies. Both In and Ga are on that list and are in need not only in the
photovoltaics industry for CIGSSe, but also in the production of flat panel displays or
light emitting diodes [9].
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1. Introduction
The kesterite family of materials, characterised by their joined eponymous structure,
promises a thin film technology, based on non-toxic and non-CRM rated materials [10, 11].
These semiconductors ideally are made up of elements from multiple groups in a I2-II-
IV-VI4 compound. A typical example is Cu2ZnSnS4 (CZTS). The kesterite structure
is very similar to the chalcopyrite structure of the aforementioned CIGSSe and is often
understood as the result of replacing the critical group III elements (In,Ga) with a group
II and a group IV element [12], which also reflects a substantial part of the research
philosophy and motivation behind kesterites. Typical elements in kesterites as for example
Cu, Zn, Sn, Se and S are relatively earth abundant and yet the number of elements needed
gives rise to increased complexities.
Kesterites are very promising in theory with typical direct band gaps in very favorable
ranges [13, 11] and intrinsic tunable properties, that allow for an optimization of devices
[14, 15]. They can be synthesized in many different ways both based on solutions [16] and
physical processes [17]. There are scientific advantages and disadvantages for any of the
methods of synthesis, as well as industrial requirements to be considered. Many of the
solvents used in solution based processes are highly toxic imposing additional risks and
regulations for handling, but offer a continuous compositional tuning, the potential for a
significant upscaling and high efficiency solar cells, which can contribute to the general
understanding of these materials [16, 18]. Most of the physical routes require closed
vacuum systems and/or controllable atmospheres [17], which adds cost and complexities
from an industrial point of view, but allows for a separate adjustment and analysis of the
synthesis parameters.
The advantages and flexibilities have caused an increased interest in this family of
materials. However, the 2013 record for laboratory device efficiency of 12.6 % [18] has not
been broken so far [4, 19]. The record cell is from a solution based process, using highly
toxic hydrazine [18], which is mostly deemed unsuitable for industrial fabrication [17]. In
2019 a sputtering based process has tied the efficiency record [19]. Nevertheless, even this
record is far below any threshold for large scale industrial usage or the values achieved by
other technologies [3]. Some reasons for this are based in the device architecture like the
band alignment on interfaces towards other layers of the cell [20]. Another big issue across
all routes of synthesis is usually the formation of secondary phases [16, 17]. While some
of them can be removed by additional treatments like etching [17], a suppression of their
formation in the synthesis itself further qualifies a method for industrial application. The
main intrinsic problems of the kesterite itself that are discussed in literature are a rather
high open circuit voltage deficit and various kinds of defects [10, 11, 20, 21]. Specifically
defects are heavily researched [22] as they are both connected to detrimental processes
like charge carrier recombination [21] but also suggested as the critical property that
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might enable a substantial leap in efficiency [15]. The Cu2ZnSn(S,Se)4 record material
already exhibits two characteristic routes for further improvements, tried in many different
ways aside the parameters of synthesis environments. The first is alloying of certain
elements, that share a lattice site in the kesterite structure, and doping with several
types of elements, which has proven highly efficient in the closely related CIGSSe [14, 23].
Secondly, high performing devices usually differ from the ideal stoichiometry in being Cu
poor and Zn rich [10, 11]. Alloying introduces at least one additional type of element
to a kesterite type compound which has many different implications. Benefits for solar
cell devices have been reported for the inclusion of many different materials like Ge as a
group IV element [10] or Ag for group I [10]. Concentrations tested for the additionally
included elements range from doping level [23] up to full replacement of a certain element
like Ge for the typical Sn [24]. There are direct connections with the final materials
structural properties, like changes in lattice constants that follow Vegard’s law, but other
properties like the band gap energy, also seem to be smooth functions between the pure
end materials’ properties [14, 25]. Hence a tuning of kesterite properties to optimal
ranges can be achieved by a compositional variation. However the separation of many of
the influences on device performance is often difficult, with the relatively high number of
elements that take part in kesterite performance [14]. While Ge, for example, has proven
to be a great potential candidate to completely [24] or partially [26] replace Sn, its mere
presence in the synthesis environment yields improved kesterite solar cells that do not
contain any Ge themselves [27]. Additionally throughout kesterite solar cells it has been
established, that a deviation from the original stoichiometry of I2-II-IV-VI4 towards a
Cu poor and Zn rich regime, is necessary [10, 11]. It was shown, that there is certain
regions in the compositional range, where an off-stoichiometric kesterite is formed rather
than an ideal kesterite and secondary phases [28, 29]. This off-stoichiometry is possible
through the formation of point defects [22], which, as discussed above, are a central
aspect of kesterite research [21]. For all the reasons mentioned above, a fundamental and
detailed understanding of the structure of alloyed and /or off-stoichiometric kesterites is
an essential prerequisite for further advancements in kesterite technologies.
The multitude of methods of synthesis, used elements and their exact ratios, requires a
very wide range of methods for characterisation of solar cell devices and basic research on
the absorber materials. As stated above, the separation of certain effects in kesterites is
quite difficult. Hence, a complete understanding of kesterite type materials, can only be
achieved by the combination of different perspectives. For functional and technologically
relevant kesterite solar cells, key parameters are their electrical and optical properties like
the very vital open circuit voltage, that can be obtained by electrical measurements under
standardised, sun like irradiation [10, 11, 30]. Structural aspects of the material and the
9
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closely related composition are probed by various methods, each with a specific focus.
Compositional characterisation with methods like Energy-Dispersive X-ray spectroscopy
(EDX) or Wavelength-Dispersive X-ray spectroscopy (WDX) is of additional importance
for the detection of secondary phases. The structural parameters of kesterite like their lat-
tice constants or defect concentrations, are often derived from diffraction measurements
like X-ray Diffraction (XRD) or neutron diffraction [31]. However theoretical calcula-
tions expose key aspects of the kesterite structure that are not accessible by those long
range methods [32]. As an additional, and complementary perspective, X-ray Absorption
Spectroscopy (XAS) has been shown to be a great tool on CIGSSe technologies [33]. By
measuring the absorption as a function of energy, X-ray Absorption Near-Edge Structure
(XANES) and Extended X-ray Absorption Fine Structure spectroscopy (EXAFS) yield
information about the structure on the scale of interatomic distances [34]. In the field of
kesterites XANES has for example been used for depth resolved detection of secondary
phases [35], since it is directly sensitive to the geometry and types of bonding partners
around a probed element. In combination with XANES, EXAFS has enabled insight
on the influence of composition on the structure of kesterite nanocrystals on an atomic
scale [36]. It yields both interatomic distances and their variance. Differences of struc-
tural results on this very local level compared to the aforementioned long range methods
are already well understood for similar materials [33] and were found in kesterite type
materials as well [37]. EXAFS analysis of certain kesterite type alloys have further vali-
dated the combination of long range and very local structural analysis [38, 39]. The local
atomic structure does not contradict long range XRD results, but it shows a local change
that is not just a local version of for example change in lattice constants.
This thesis represents a study of the local atomic structure of different kesterite type
materials by means of low temperature EXAFS. Well analysed powder samples are probed
for their atomic scale structural parameters. This enables basic research on the influences
of either off-stoichiometry in Cu2ZnSnS4, Cu2ZnSnSe4 and Cu2ZnGeSe4 or cation alloying
in Cu2Zn(Sn,Ge)Se4 over the full range of Ge/(Ge+Sn). The very local results compli-
ment the wide range of knowledge, obtained by long range methods [28, 31, 29] and offers
important input for theoretical calculations [32]. Two sets of technologically relevant
(Ag,Cu)2ZnSnSe4 [40] and Cu2Zn(Sn,Ge)Se4 [41] thin films close the gap between basic
research and applied technology. All local atomic configurations are discussed as tetra-
hedra of cations around a central anion. Together with similar assumptions to the model
of alloying first described by Balzarotti et al. [42] they allow for an understanding of fine
details of compositional effects in kesterites on this very local scale.
For the off-stoichiometric powder samples, both defect concentration and lattice con-
stants from WDX and XRD measurements are available in literature [28, 29]. The authors
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of these publications provided the single phase powders for the EXAFS measurements.
Significant differences in local structural parameters between the three investigated ma-
terials could be connected to the existing data. While there are no pronounced trends in
either element specific average bond lengths or their variations, the high precision of the
bond length measurements allowed the identification of very subtle changes. The Cu-Se
bond is mostly affected by the deviation from stoichiometry and especially for Cu2ZnSnSe4
(CZTSe) the results can be understood in terms of the existing data on point defects. For
Cu2ZnGeSe4 (CZGSe) the differences in local atomic configurations induced by point de-
fects are expected to be less substantial and hence less clear in their effect on the EXAFS
results. In Cu2ZnSnS4 (CZTS) there was no significant trend compared to the uncertainty
of the measurements. The absolute bond lengths for this type of kesterite are in good
agreement with prior publications [43, 37, 44].
Point defect concentrations, lattice constants and composition of the Cu2Zn(Sn,Ge)Se4
kesterite alloy powders as well as the samples themselves were provided by Dr. Galina
Gurieva. As described above there is a consistent difference in local atomic and long range
crystallographic structure. The element specific average bond lengths show a decrease
with increasing Ge/(Ge+Sn), which is about an order of magnitude smaller than the
change in lattice parameters. Since this material only has two well defined local atomic
configurations, the Balzarotti model [42] allowed for a computational model, which yielded
two distinct anion positions. These positions are distinctly dependent on the type of IV
element present in the local configuration but show a qualitatively similar change along the
direction of the IV-Se bond with Ge/(Ge+Sn) ratio. These anion positions as a function
of Ge/(Ge+Sn) in conjunction with theoretical calculations of the band gap energy as a
function of all structural parameters, enable an estimation of the structural part of band
gap bowing due to alloying. This alone makes up about half of the bowing parameter
reported in literature. This is a clear example where the very local, high precision EXAFS
measurement can compliment other methods to improve the understanding of a highly
complex semiconductor compound.
Both (Ag,Cu)2ZnSnSe4 [40] and Cu2Zn(Sn,Ge)Se4 [41] kesterite thin films were provided
by Dr. Charles Hages from a process with a very low secondary phase residue, allowed for
a connection of the basic research done before to technologically relevant kesterite thin
films. In these samples both the experimental set-up as well as the data analysis need
more consideration than for the powders. While the lack in thickness could be omitted
by the use of a different measurement mode, residual S from the selenized nanocrystals
needed to be included in the EXAFS analysis. Qualitatively the results from the powder
sample measurements could be confirmed. However, the details of analysis hinted at a
preferential bonding of Sn and S or Ge and Se and non-linearities in the Ag-Se and Cu-
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Se bonds might be indications of energetic advantages in the formation of certain local
configurations. While these detailed findings are only visible in the EXAFS measurements,
further Gracing Incidence X-ray Diffraction (GIXRD) measurements once again showed
the great importance of combining multiple perspectives to completely understand the
structural implications induced by alloying.
All EXAFS data obtained throughout this project is not only in good agreement with
data from other EXAFS beamtimes, beamlines and publications but also with the previous
knowledge on kesterite type materials and closely related semiconductor compounds like
the chalcopyrites. Therefore the results presented in the following will further advance
the understanding of tremendously important techniques in the improvement of kesterites
as low cost and environment friendly solar cell absorbers.
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2. Basics
This chapter gives an introduction into material properties of kesterites and typical com-
positional variations, as well as a description of the EXAFS technique used in this thesis.
2.1. Kesterites
The eponymous mineral for this class of materials is kesterite (Cu2(Zn,Fe)SnS4). While
in this original configuration Zn and Fe share a lattice site, different compounds can be
derived by either partially or completely replacing any of the elements in the original
elemental formula. Many of these compounds share the same lattice structure with the
above mentioned mineral and are therefore often all called kesterites. This work will
use this meaning of the term “kesterite”, in order to simplify the language and to fit in
with common terminology. In this class of materials, many semiconducting compounds
have shown great potential as the absorber for solar cells [10]. While there are many
other possible use cases, such as water splitting, charge transfer layers or thermoelectric
applications, the use as an absorber in photovoltaic applications is the one that this
thesis is aimed at and that many studies name as a main motivation for researching this
material [11].
As an absorber material, kesterites have a few major advantages. They are made from
cheap and readily available (earth abundant) non-toxic elements and provide band gap
energies in a very favourable region for photovoltaics [4, 13]. As most of them have a
direct band gap and hence a very high absorption in the relevant spectral regions, they
can serve as thin film absorbers, allowing a multitude of possible applications. These
include, but are not limited to, printed thin film cells on flexible substrates and solar
cells, integrated in construction materials for buildings [10, 11]. In all of their qualities,
they are most often compared to the market leading traditional Si devices and CIGSSe
thin films. Traditional Si based technologies rely on the use of rare elements for doping
and In and Ga are comparably expensive components of CIGSSe cells [9]. In contrast, the
common elements in kesterites are relatively cheap. Cu, Zn, Fe and Sn are common cations
in kesterites. S, as well as Se, are the most common anions that share many of the good
qualities of the other raw materials. To estimate the real market value, additional factors,
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such as production costs and market demand of raw materials for other technologies, have
to be considered. In the availability of raw materials for example, CIGSSe and Ga-doped
Si cells have to compete with wide spread technologies, such as light-emitting diodes for
relatively scarce elements, such as Ga. Many of these elements have been labeled by the
European Commission as CRM [9]. Kesterite-based solar cell production, on the other
hand, has not yet been upscaled to an industry wide level, which means the production
of kesterite solar cells still comes with significant research and development costs.
A major parameter in any photovoltaic application is the conversion efficiency of inci-
dent solar energy to electrical power. For the competitive technologies, this is well above
the 20 %-range. The latest record in kesterite technology of 12.6 % was first reached in
2013 [18] and was tied in 2019 [4, 19]. This is well below the predicted theoretical limit of
around 30 % [13]. With the complex structure and many possible elements included, the
research community is still looking for the main reason of this efficiency deficit [10, 11].
This requires intensive basic research and a tie in with device fabrication. Very impor-
tant routes for investigation are the open circuit voltage deficit of the solar cells, which
is directly connected to properties like the band gap energy, and defects that cause re-
combination in the band gap [4, 10, 11, 22]. A third aspect is the formation of secondary
phases [22].
2.1.1. Kesterite structure
As mentioned above, the common denominator and name-giving property of kesterites
is their I 4̄ crystal structure. This structure is depicted on the left of Figure 2.1 for the
typical CZTSe kesterite. It reminds of the similar chalcopyrite structure (I 4̄2d) and is
also tetragonal. Compounds based on Cu2(Fe,Zn)SnSe4 can crystallize in many differ-
ent structures, but the kesterite structure is by a few meV/atom the energetically most
favourable one for many of these compounds [45]. From the lattice constants a (the
length of the two short sides) and c (the length of the long side), the tetragonal distortion
η = c
2a
is often additionally derived and reported. Since the energy advantage is very
small, it can be tipped in favour of other crystal structures or the formation of secondary
phases, by the ratios of the elements that are used during synthesis. With the multitude
of atoms and elements making up the unit cell, there is a significant amount of point
defects that can occur in this structure [22]. The most prominent one in pure stoichio-
metric kesterites is the so called Cu-Zn disorder, which mostly occurs in the mixed Cu-Zn
planes that are clearly visible in Figure 2.1. The combination of CuZn and ZnCu defects
has a low formation energy and was discussed in literature as very detrimental to solar
cell performance [46, 47].
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2.1. Kesterites
Figure 2.1.: Unit cell of the kesterite structure of Cu2ZnSnSe4 (left) and the surrounding
of the anion, which is a tetrahedron containing all cation species (right).
A key benefit of kesterite solar cells is their capability to be intrinsically doped by
deviation from stoichiometry. In 2016, a study of powder samples showed that kesterite
type compounds, deviating from the ideal I2-II-IV-VI4 stoichiometry, adopt the kesterite
structure. Some of the samples were even single phase, while others exhibited secondary
phases in addition to an off-stoichiometric kesterite phase [28]. Well-performing kesterite
solar cells are usually Cu poor and Zn rich [4, 10, 11]. While off-stoichiometry omits the
need for rare elements in doping, the deviation from stoichiometry induces many of the
mentioned point defects and often also secondary phases [22].
2.1.2. Common kesterites
As discussed before, there are many different compounds with different elemental compo-
sitions in the kesterite family of materials. In the following, three of the most researched
and most efficient kesterite type compounds will be shortly introduced.
Cu2ZnSnS4
This compound is very close to the original kesterite mineral and maybe the most promi-
nent of the kesterites. None of the elements in its structure is considered a CRM [9] or
toxic. The record efficiency for CZTS solar cells is 11 % [4]. The band gap energy is




As mentioned above, there are many similarities between kesterites and chalcopyrites,
which makes a substitution of S with Se as the anion an obvious try. While Se is not a
CRM [9], it is still toxic [48]. CZTSe has a band gap of 1.0 eV, which is closer to the ideal
and a slightly better efficiency than CZTS with 11.6 % [13, 4].
Cu2ZnGeSe4
Using Ge - instead of Sn - as a group IV element, results in CZGSe which has the highest
efficiency record of the three mentioned kesterites with 12.3 % [24]. It has a band gap
energy similar to CZTS with around 1.4 eV [4]. Ge, in contrast to Sn, is listed as a CRM
by the EU [9]. The limiting factor does not seem to be abundance but the financial
viability of the recovery from industrial byproducts [49].
2.1.3. Kesterite alloys
In the following, an alloy or alloying will refer to kesterites, in which one of the lattice
sites is shared by two different elements. This can often be achieved by synthesizing the
kesterite and supplying both elements in the desired ratio. For a pair of elements X and
Y that share a lattice site to create a kesterite alloy this ratio will further be written as
X/(X+Y), denoting the ratio of number of type X ions to the complete number of ions of
type X and Y. As mentioned above, the complete substitution of an element with another
in the kesterite structure has the potential to drastically change the band gap energy.
Tuning the ratio of the elements, can hence also tune the band gap energy, allowing not
only to adjust the band gap of the entire device, but also to use concentration gradients, to
change the bang gap spatially [10, 11, 14]. Certain point defects and the recombination
associated with them are directly dependent on the element used in a certain lattice
position [10]. Replacing one of those elements partially, may keep some of its beneficial
effects, but could also reduce the formation of the defects they are a part of.
Cu2Zn(Sn,Ge)Se4
One example for a typical kesterite alloy is Cu2Zn(Sn,Ge)Se4 (CZTGSe). Sn produces
so called “deep defects” [50, 51, 52]. These defects create recombination centers deep in
the band gap, which greatly hinder device performance. Including small amounts of Ge
in the synthesis of CZTSe does affect the synthesis process as it assists the grain growth
of the main kesterite [27, 30]. X-ray induced Fluorescence (XRF) studies with a highly
focused beam showed that Ge was absent only in random grain boundaries affecting the
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band alignment [53]. Higher Ge/Sn ratios have shown more optimal band gap energies in
theory [54] and improved solar cell conversion efficiencies in experiment [23, 26].
(Ag,Cu)2ZnSnSe4
Cu, together with the Cu-Zn disorder, was early connected to recombination centers and
thus problems for device performance [22, 45, 47]. A (partial) substitution with the bigger
Ag was theoretically discussed [55] and applied in devices on the route to higher efficien-
cies [10, 11, 14]. While many sources are optimistic about this approach and show routes
for improvement [56], others find high rates of Ag-Zn disorder in Ag2ZnSnSe4 (AZTSe)
crystals [57]. For powder samples, a transition to the stannite type structure was re-
ported for mixed (Ag,Cu)2ZnSnSe4 (ACZTSe), which makes a Cu-Zn disorder impossible
in these samples [58]. Actual ACZTSe devices did exhibit superior properties compared,
to CZTSe and CZTS cells prepared alongside them [40, 59].
2.1.4. Local configurations
A feature of the kesterite structure, that is very important for this work, is the orientation
of cations around anions and vice versa. Each cation is surrounded by 4 anions and in turn
each anion is surrounded by 4 cations. For one I2-II-IV-VI4 kesterite compound around
each anion in the ideal kesterite structure, there are exactly two group I cations, and one
each of group II and IV. The tetrahedron formed, by this set of cations and anions, is
shown in Figure 2.1 on the right. A comparison with the kesterite structure, depicted
next to it, shows that the entire kesterite structure is build up from tetrahedra, like this
one. This tetrahedron with an anion in the center is, therefore, the smallest building
block, which is containing all elements of the kesterite structure. It is sometimes called
a motif of the structure and represents the local atomic structure that most arguments
in this work are focused on. As mentioned before, the ideal structure of a I2-II-IV-VI4
kesterite compound is made up of just one type of tetrahedron. All tetrahedra in the unit
cell of the kesterite structure, depicted in Figure 2.1, are just rotated versions of the one,
depicted right of the unit cell. Hence, all arguments on new tetrahedra can be based on
this one.
Replacing or alloying Zn, Sn, or Se, results in one new tetrahedron each, while replacing
or alloying Cu results in three additional tetrahedra. As discussed before, changing the
stoichiometry induces point defects [22], which have the potential of creating new tetrahe-
dra. An overview of expected local configurations and their origin as well as redundancies
will be given for each analysed sample set in their respective chapter.
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The model introduced by Balzarotti et al. [42] is very important for the description of
these local structures. In this model, the anion and the cation sublattice are compared in
their reaction to alloying. If only one of the sublattices (anions or cations) is alloyed, it is
the other sublattice that adjusts to this change much more than the mixed sublattice itself.
Therefore, the model assumes that in a system with a cation sublattice changed by alloying
or defects, the cations are fixed on their lattice sites and the anion position within the
tetrahedron adjusts. A change in lattice constants would, hence, change only the absolute
values of the cation positions and not their coordinates. The anion position on the other
hand, changes in both aspects. This new position of the anion, is the optimum in terms
of strain resulting from the deformation of the bonds. The model does not include any
adjustment in the electron system. The publication by Balzarotti et al. [42] deals with
ternary zincblende alloys. Introducing additional cations to the zincblende structure,
leads to the chalcopyrite structure and finally to the kesterite structure [60], which makes
many of the arguments made by Balzarotti et al. applicable to those systems, as well.
2.2. Extended X-ray absorption fine structure
spectroscopy
EXAFS measures the absorption coefficient as a function of X-ray energy. A fine structure
in this function is a result of interference, that is directly dependent on the arrangement
of and the distance between atoms or ions of a solid. This information can be extracted
from the spectra by multiple methods, sometimes using standards or prior knowledge
about the sample. As the method allows for direct access to the structure on an atomic
level, it is a great addition to methods, accessing the long range bulk structure, such a
classical XRD.
2.2.1. X-ray absorption fine structure
In general, when X-rays pass through a solid, their intensity is attenuated and reduced.
The Beer-Lambert law describes this attenuation of an initial intensity I0, passing through




Except for the thickness, all material properties that are important for the absorption
process are part of µ. For a homogeneous sample, this is in first order approximation only
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Figure 2.2.: a) Schematic decay of X-ray absorption coefficient µ with energy E
b) Schematic absorption edge in µ(E). c) Measured µ(E) of Cu2ZnSnSe4 around the Cu
K-edge including the Zn-K-edge at higher energy. d) Extracted fine structure χ(E) from
c).
a function of X-ray photon energy, as displayed in Figure 2.2 a, and does not exhibit any
distinct features, except for being strictly monotonic decreasing with energy [34]. The
photon’s energy loss is mostly due to collisions of the photons with the electrons of a
material. Only when the photon’s energy is equal to or higher than the binding energy
of an electron of the solid, the photon can transfer its entire energy to this electron.
The electron is now called photoelectron (from the photoelectric effect) and has a kinetic
energy, equal to the difference of the incident photon’s energy and the binding energy of
the electron. Therefore, the absorption, as a function of energy, exhibits discontinuities or
steps or edges at the binding energy of the solids electrons. This is depicted in Figure 2.2
b. The higher the difference between the incident photon’s energy and the binding energy
of the electron, the lower the interaction probability. The absorption coefficient is, hence,
still strictly monotonic decreasing before and after the edge. [34, 61]
In a multi element compound, like Cu2ZnSnSe4, there will be multiple absorption edges
for the included elements. In the actual measurement of this compound, presented in
Figure 2.2 c, one can therefore see both the Cu and Zn K-edge. Additionally, right above
the edge a fine structure with distinct peaks and decreasing oscillations towards higher
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Figure 2.3.: Scheme of the scattering of a photoelectron’s wave function traveling outwards
from the initial atom (green) and being scattered on neighboring atoms (black). Arrows
indicate two possible paths for the wave function to partially return to the initial atom,
one single path (brown + cyan) and one triangle path (brown + purple).
energies is visible. This fine structure is a result of interference. A schematic of the
underlying process is shown in Figure 2.3. The photoelectron’s wave function travels
outward from the atom, it was bound to before the absorption of the photon. This wave
is scattered on atoms in the surrounding and parts of it interfere with the outgoing wave.
Paths that include multiple scattering atoms are possible, as well as direct scattering
contributions [61]. The longer the path, the lower its impact on the signal [34].
The interference is mostly defined by a set of major parameters. The first is the energy
of the photoelectron, which defines the wave length. The second is the distance, the
scattered wave has traveled, before returning to the initial atom and interfering with the
outgoing wave. The relation of these two, wavelength and distance, together with shifts
in phase during scattering, cause either constructive or destructive interference. The
absorption is directly dependent on the magnitude of the photoelectron’s final state at
the initial absorber atom [62]. Hence, the energy dependence of the interference creates
an energy dependence of the absorption coefficient which is visible as the fine structure in
Figure 2.2 c and d. Usually this fine structure is split in two regions. One is the EXAFS
region, which was discussed above. The other is named XANES and reaches up to about
50 eV above the edge. This near-edge region is affected by the chemical bonding and the
geometry around the absorber atom, as in this energy region the absorbing electron is
exited to a higher bound state. The energy level of these states is directly dependent on
the types and directions of bonds [34, 61].
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Figure 2.4.: Left: k2-weighted fine structure χ(k) of the Cu edge EXAFS data from Fig-
ure 2.2 c) and d). The cyan line is the von Hann window function applied for the Fourier
transformation. Right: magnitude of the Fourier Transform (FT) of the fine structure.
The cyan line is the von Hann window function which defines the region of interest for
the fit. The fit is shown as a dashed black line.
From a measured µ(E) spectrum, the fine structure is usually extracted as
χ(E) = (µ(E) − µ0(E))/∆µ0 . (2.2)
Here µ0(E) is the smooth background. It represents what the measurement would look
like, if there was no interference effects. The normalization is performed with ∆µ0, which
is typically chosen as the edge step height. The fine structure in the EXAFS region is
usually displayed as a function of the photoelectron wave number χ(k). The difference
between the energy E and the energetic position of the edge E0 is converted to the wave
number k via ℏ (the Planck’s constant divided by 2π) and the mass of an electron me as
k =
√︁
2me(E − E0)/ℏ2. Additionally, the fine structure is often weighted with k, or a
power of it, to emphasise the data at higher k values. This is depicted in Figure 2.4 for
the fine structure from Figure 2.2. The amplitude of the fine structure rises towards the
middle of the plot and falls back down towards the end. A window function depicted as















sin(2kRj + δj(k)) . (2.3)
There are many ways to define terms and functions in this equation, most of which describe
the same physical effects, but differ in their readability or ease of comparison with other
physical terms. Hence, there is no single EXAFS equation. Equation 2.3 follows the
International Union of Crystallography (IUCr) 2011 recommendation [63] and allows for
a connection of the mathematical expression with physical effects [34]. The first term in
this equation is S20 , the amplitude reduction factor. As the name suggests, it quantifies all
effects that reduce the overall impact of the fine structure. As the photoelectron leaves a
core hole behind, the entire system will energetically relax and, therefore, the overlap of
scattered and outgoing photoelectron wave functions cannot be complete. Additionally,
in a measurement multiple effects in the set-up can reduce the fine structure’s amplitude.
As touched upon above, the fine structure is made up of influences from all different
scattering paths. So j is an index to identify each path and the right side of the equation
is the sum of all these influences. Yet, some of these paths might be identical, as, for
example, a direct scattering on identical elements in the same average distance. Because
their parameters are the same, they can be included as one single summand with Nj being
the number of times, this path occurs. This is the first of the structural parameters in
this equation, as it contains information about the number of one kind of atom in each
shell of neighbors around the absorbing atom (coordination number).
The average distance R between the absorbing atom and one type of scattering atom,
denoted by the index j and the distance’s variance σ2j (Debye-Waller factor), are two
more, very prominent structural parameters in this equation. If the distance distribution,
resulting from a scattering path j, is similar to a Gaussian, the σ2j can be interpreted
as its variance. The physical reasons for the finite width of the distance distribution is
disorder in the system, induced by thermal movement of the particles (thermal disorder)
and static disorder, resulting from structural variations [34, 61, 62].
The property |fj(k)| is the absolute value of the complex scattering amplitude. As,
for example, the scattering can also induce a phase shift, a general phase shift term δj
is included for each type of path. λ(k) is the mean free path of the electron, this limits
the influence of scattering from far away neighbors and highlights that EXAFS is a very




term quickly goes to zero for higher values of k,
significantly damping the fine structure.
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2.2.3. Fourier transformation
The previously shown EXAFS Equation 2.3 was a function of wave number or energy and
contained all paths in a sum, so they are not distinguishable. To isolate, for example,
the nearest neighbor path, a Fourier transformation of Equation 2.3 displays the results
as a function of non-phase corrected radial distance (R). This is shown in Figure 2.4 on
the right. The Fourier transformation of χ(k) from a Cu2ZnSnSe4 spectrum is performed
within a von Hann window (also known as Hanning window). The window function cuts
off data from too close to the edge, which is the XANES region, mentioned above, as this
region usually requires different kinds of analysis, than the EXAFS region. On the higher
k end of the data the Signal to Noise Ratio (SNR) might be too low, which can make
a cutoff necessary. Even if the data is good up to the last measured point, as it is for
the Cu2ZnSnSe4 results in Figure 2.4, a sharp cutoff produces unwanted mathematical
features, when a Fourier transform is applied. The shape of the von Hann window’s flanks,
suppresses these features significantly.
After the Fourier transformation to R space, the absolute value of the Fourier Transform
(FT) provides a great tool to separate some paths from the others. This is, because
the influence of each path is a peak with a different position, width, shape and height,
depending on the average path’s length, the variation of this path’s length and the strength
of its impact on the fine structure. Even though this is not the distance distribution of
atoms around the absorber, it often allows to single out different paths or shells. This is,
if their peak does not overlap with others and if they are of significant height, such as
the extremely prominent nearest neighbor, visible as the largest peak in Figure 2.4. By,
again, applying a von Hann window around that peak, a region of interest can be confined
to the contribution of this nearest neighbor shell only.
It is important to note that this isolated peak might still be the result of a combination
of multiple elements of similar average distances (a shell around the absorber), which
corresponds to multiple paths creating one peak. It is quite possible that in one physical
sample multiple instances of the absorbing element are in different local environments.
Hence, not all of them might influence the selected part of the spectrum with the same
set of paths. The weighting factor of each type of environments influence is given by the
part of absorbing elements in this local environment.
The first approach to use the Fourier Transform (FT) in EXAFS was published by
Sayers et al. and showed the magnitude of the FT to be a sum of Gaussian peaks [64].
Additional terms, introduced to Equation 2.3, the so called cummulants of order n > 2,
add physical representations for the form of the peak [34]. While the definition of the
















Figure 2.5.: Schematic of transmission (top) and fluorescence (bottom) mode set-ups. The
gray elements in the bottom are identical to the transmission mode but optional for
fluorescence mode.
the width of the peak. The third cummulant C3 would account for asymmetry in the
distance distribution. This expansion converges very rapidly for relatively narrow distance
distributions [34]. Therefore, the inclusion of higher cummulants to Equation 2.3 can be
tested, if the given set does not describe data sufficiently.
2.2.4. Measurements
For this thesis, there are two main types of measurement set-ups, namely transmission
and fluorescence mode. Both are different solutions to the fact that the absorption itself is
not directly measurable. To measure the fraction of photons being absorbed, all methods
measure directly related physical properties. There are also different modes, like the
detection of Auger electrons, that have not been applied in this work. A schematic of
transmission (top) and fluorescence mode (bottom) set-ups is shown in Figure 2.5. They
both have an X-ray source that needs to be tunable with respect to the photon energy
in order to be able to measure the absorption as a function of energy and a first detector
(detector 1), to determine the intensity of the incident X-ray beam. In all EXAFS set-
ups, used for this thesis, the first detector was an inonisation chamber, in which a gas is
ionized and the resulting current of Ions in an electric field is used as a measure of beam
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intensity. The gas mixture and pressure is adjusted to optimize SNR for a given energy
range, but also to let as much of the beam through as possible.
In all set-ups used in the course of this work, the samples were cooled below 20 K, to
reduce the thermal disorder as much as possible and to obtain the best possible SNR.
This was achieved by liquid helium cryostates. These cool the samples either directly or
indirectly with liquid helium from a dewar. An electric heater is typically used to stabilize
the temperature.
Transmission mode
The preferred method for this work was the transmission mode, which is schematically
shown in the top of Figure 2.5. The incident beam of a specific energy and known intensity
(via detector 1) is aimed at the sample and partially absorbed in it. The remaining
intensity is measured behind the sample in detector 2. This detector also usually is an
ionization chamber, to, again, enable a measurement with good SNR, but also to let
enough of the beam through, to be able to measure a reference with each sample. This
reference is the same for all measurements and has an absorption edge in the measured
energy range. When multiple samples are measured, experimental effects can shift the
energy scale. As the physical energy of the reference does not change, it allows for an
alignment of the energy scales of all samples.
As mentioned above, the absorption is not directly measurable, but knowing the beam
intensity before (I0) and after (It) a sample of constant thickness and Equation 2.1 yields
the absorption coefficient as:
µ(E) ∝ ln I0
It
(2.4)
This method has some requirements on the samples. Samples need to be highly homoge-
neous and must not have any pin holes. As mentioned above, the thickness must remain
constant. Additionally, the thickness must be sufficient, as to produce a drop from I0 to It
that is significantly higher than the statistical variations in count rates. This is necessary
for the fine structure to be significant compared to the noise. Nevertheless, if thickness
and, hence, absorption is too high, the intensity in detector 2 is not sufficient enough for
a measurement. Since it is the last in direction of the beam, detector 3 can be set-up to
absorb all of the beam that has passed the experiment to allow for the maximum signal
at this point. This allows for diode detectors to be used instead of ionization chambers,




If the criteria for samples for transmission mode cannot be met, the measurement of the
XRF provides another route of access to the absorption coefficient. In the bottom of
Figure 2.5, detector 4 is a fluorescence detector that not only counts photons but also
discerns their energy, making it a more complicated device than an ionization chamber.
The filling of each core hole (see subsection 2.2.2) with an electron from a higher shell
creates characteristic X-ray radiation. The intensity of characteristic photons If for the
investigated element provides a measure that is proportional to the absorption coefficient,




To optimize the intensity of the XRF on detector 4, the samples orientation to the beam
often can be varied. Besides the more complex types of detectors needed for XRF de-
tection, there are additional challenges to this type of set-up. The incident beam, for
example, might excite other elements in the material, and their XRF peaks might overlap
with the ones of the investigated element. If samples are too thick, effects, like self-
absorption or over-absorption, dampen the signal significantly [34, 65]. In fluorescence
mode a reference can only be measured as described in subsubsection 2.2.4, if the com-
bination of absorption in the sample and its thickness allows for enough of the beam to
be transmitted. Therefore, in some set-ups, the fluorescence detector (detector 4) is an
optional addition to an existing transmission set-up.
X-ray sources
As mentioned in subsection 2.2.4, one main feature of the X-ray source, besides sufficient
intensity, is a tunable energy of the incident beam. Therefore, in describing sources and
the experiments requirements on them, any optics used to manipulate the beam before it
hits the first detector, are considered part of the source. Even though laboratory based
systems have been used and are commercially available, most EXAFS experiments still
take place at a synchroton’s beamline. In these systems accelerated electrons produce X-
ray radiation [66]. To that end, two different types of beamlines were used for this thesis.
The first type is a bending magnet. The magnet changes the direction of the electrons
in the main ring and, hence, produces white X-ray light [66, 67], which is subsequently
monochromatized. The other type is the so called insertion devices, namely Undulators
and wigglers, which produce higher brilliance beams [67]. Both devices rely on magnetic
fields, forcing the electrons to change their direction multiple times and, thus, creating
26
2.2. Extended X-ray absorption fine structure spectroscopy
more X-ray photons [66]. The undulator does this in a way to produce comparably very
high intensity peaks [66, 67], which are too broad for a single point in a spectrum, but
also too narrow for an entire spectrum, which is typically in the order of 1000 eV in width.
Hence, in undulator set-ups, the undulator’s magnetic fields need to be tuned during the
energy scan [68].
The mentioned types of X-ray sources need a monochromator in series before the sam-
ple, in order to remove all photons with the wrong energy from the main beam path.
A typical way, to achieve this goal, is a set of crystals that use Bragg’s law to select a
specific energy from the provided X-ray spectrum. Since Bragg’s law requires a specific
angle between the monochromator’s crystals and the beam, usually the crystals can be
turned with electric motors [68].
Since the X-ray regime is a very wide energy range and optics in this area often rely on
effects with quite narrow regions of effect, the optical set-up of a beamline is often very
complex and needs very fine-tuned adjustments. This may inherently limit the region of
energy, a beamline can operate. When choosing a beamline for an experiment, key factors
to look at are the photon flux of the beam at the sample, the type of source, the energy




This chapter will introduce the specifics of sample synthesis and preparation for the
EXAFS measurements. The used beamline set ups at two different synchrotrons are
described, as well as the following data analysis. Furthermore an overview over the origins
of the included theoretical calculations of band gap energies is given.
3.1. Powder sample synthesis
Single phase kesterite powder samples were provided by the group of Prof. Susan Schorr at
Helmholtz-Zentrum Berlin für Materialien und Energie (HZB). An overview of all powder
sample sets, the person responsible for synthesis, and relevant publications, containing
more detailed descriptions of the respective synthesising process, are given in Table 3.1.
The general procedure for synthesis is described in the following.
Raw materials are the pure elements in pellet form to make up the compound. They are
commercially bought with the highest available purities, which was better than 99.999 %
for all samples. These raw materials are weight in according to the desired stoichiometry,
mixed in graphite boats and placed in evacuated, fused silica tubes. The tubes are then set
in a furnace, to facilitate a solid state reaction. The heat up takes a few days with typical
slopes of 10 K/h and holding times of 48 h at 250 ◦C and 450 ◦C. The final stage is chosen
slightly below the melting temperature of the desired compound, thereby staying in a solid
state reaction regime, as there never is a liquid kesterite phase. The final temperature
stage is a few hundred hours long and followed by a cool-down phase. This cool-down was
different for most of the samples and is, hence, also denoted in Table 3.1. Two sample
sets were not temperature controlled during cool-down. For these samples, the furnace
was just switched off and cooled down naturally. After reaching room temperature, all
samples were manually ground down in an agate mortar and pressed into pellets. The
pellets were then again placed in evacuated, fused silica tubes, for annealing in a one zone
furnace at around 700 ◦C for 240 h. The following cool-down was of the same slope as the
first one. The resulting material was ground into powder again for all further handling
and analysis. Resulting grains had typical dimensions of up to 200 µm. Transportation
between institutes and measurement environments exposed the samples to air and usual
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Table 3.1.: Overview of powder sample sets with the person, who has synthesized and
characterised them, and relevant publications.
sample set synthesized by publication cooling (K
h
)
(off-)stoichiometric CZTSe Laura Elisa Valle Rios [28] furnace switch off
off-stoichiometric CZTS Kai Nelder [28] 50
off-stoichiometric CZGSe René Gunder [29] 10
stoichiometric CZTS Susan Schorr [12] 1
Cu2Zn(Sn,Ge)Se4 Galina Gurieva [31] furnace switch off
environmental temperatures in Germany. However, most of the time they were stored in
evacuated exicators at room temperature.
Even though the initial ratios of elements influence the resulting kesterites stoichiome-
try, sometimes some elements are not completely included in the final compound and, or
secondary phases are formed. To analyse the composition and structure of the resulting
compounds, a visual inspection, followed by EDX, WDX and XRD, was applied to all
powder samples. For some of the powders, additional neutron diffraction experiments
offered further insight. All these mentioned measurements were carried out by the same
people responsible for the synthesis.
3.2. Thin film sample synthesis
The (Ag,Cu)2ZnSn(S,Se)4 (ACZTSSe) [40] and Cu2Zn(Sn,Ge)(S,Se)4 (CZTGSSe) [41]
kesterite thin films analysed in this work were provided by Dr. Charles Hages. The initial
step of the synthesis produced (Ag,Cu)2ZnSnS4 and Cu2Zn(Sn,Ge)S4 nano-particles by
a solution based hot injection method. The used solvent was oleylamine. The solutes
were precursor metal salts (acetylacetonates) and sulfur. Controlling the ratio of the
solutes, allowed for control over the final elemental ratios in the kesterite. Resulting
nanoparticles were dispersed in 1-hexanethiol, to form an ink. These inks were doctor-
bladed onto Sn-float glass and selenized in graphite boxes with elemental Selenium at
500 ◦C for 20 min. Scanning Electron Microscopy (SEM) pictures, taken by the same group
responsible for the thin film synthesis, show the layer stack, each absorber layers typical
thickness (around 0.5 µm), and their grain structure (see Figure A.7). EDX measurements
taken in conjunction with the SEM, were used to find the final elemental composition of
the absorber layer as well as the fine grain layer that is typical for this method of synthesis.
To study the long range structure, namely the lattice constants of the resulting thin films,
GIXRD measurements were taken of all thin film samples by Dr. Galina Gurieva, who
was also responsible for a part of the powder samples and their analysis (see Table 3.1).
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3.3. Preparation of powder samples for EXAFS
measurements
EXAFS measurements on the powders, in this thesis, were all carried out in transmission
mode (see subsubsection 2.2.4). The samples, therefore, needed to be homogeneous and
of the correct thickness for optimum SNR at a given beamline. The program Hephaes-
tus from the Demeter software package [69] allows to calculate the required effective
thickness of sample material for each compound. Since these required thicknesses are in
the range of 20 to 100 µm, the kesterite powder is diluted in graphite and pressed into
pellets (1 mm thickness, 5 mm diameter) for better stability. To dilute the powder and
ensure homogeneity, it is mixed with graphite (Sigma Aldrich, Graphite powder, < 20 µm,
synthetic) and milled in a ball mill for 30 min. A few randomly selected samples were anal-
ysed in a SEM to determine the distribution and size of the grains after milling. A typical
dimension of kesterite grains in graphite from this method was found to be ≤ 2 µm [70],
which is significantly lower than the required effective thickness. In this process, it is
paramount to ensure that no further elements are introduced, especially none that have
an absorption edge around the edges measured by EXAFS (Cu, Zn, Ge, Ag and Sn).
3.4. EXAFS Beamlines
For the data presented, in this thesis, two beamlines at two different synchrotrons were
used in multiple beamtimes. They are shortly presented here as an overview of their
capabilities and the synchrotron they belong to as well as the sample sets that were
measured on each beamline.
3.4.1. ESRF BM08 - The LISA beamline
The European Synchrotron Radiation Facility (ESRF) is located in Grenoble, France, and
offers a wide range of synchrotron application to users from around the world. Beamline
BM08 [71, 72] offers a bending magnet source (see subsubsection 2.2.4) with a maximum
flux of 1010 to 1011 ph/s at the sample and an energy resolution of ∆E/E = 10−5 to 10−4
from 5 to 85 keV. The beam dimensions on the sample are about 1 mm in height and
2 mm in width. A Si as well as a Pt mirror are available to focus the beam and filter the
harmonics. Users have a choice between a Si111 and a Si311 monochromator for either
high flux or high resolution. X-ray intensity is detected by three ionization chambers
and two Ge detector arrays can be used for fluorescence measurements. The set up with
the Si311 monochromator was used in 2016 to measure the off-stoichiometric CZTS and
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CZTSe powder samples and some stoichiometric Cu2ZnSn(S,Se)4 (CZTSSe) samples, that
are not presented in this thesis. Samples were measured at the Cu, Zn and Sn K-edges.
They were cooled to 15 ± 1 K by means of a cold finger liquid helium cryostat.
3.4.2. DESY PETRA III P65
The Deutsches Elektronen-Synchrotron (DESY) is located in Hamburg, Germany, and
home of the PETRA III storage ring. Beamline P65 [68] is an undulator (11 periods)
beamline for X-ray Absorption Fine Structure spectroscopy (XAFS). It provides a 2 ·
1012 ph/s flux on an area of 0.5 mm height and 1 mm width on the sample. The energy
resolution ∆E/E is between 1.4 and 0.6 · 10−4 and usable energy range is 4 to 44 keV. A
Si, Rh or Pt mirror is used to filter out harmonics of the desired energy. Additionally,
a water cooled Si111 or Si311 two crystal monochromator is used to further clear up
the beam from unwanted energies. The set up has three ionization chambers and a
Canberra 7 element detector for fluorescence measurements. All samples were cooled using
a liquid helium flow through cryostat, establishing a sample temperature of 18 ± 1 K. In
2016, the off-stoichiometric CZGSe samples as well as the CZTGSe alloys, were measured
in transmission mode as powder samples. In 2017, ACZTSSe and CZTGSSe thin film
samples were measured in fluorescence mode. This was necessary, due to the thickness of
the entire sample including, the kesterite film and the glass substrate.
3.5. Background removal
The program Athena, from the Demeter software package [69], is used to extract the
fine structure (χ(k), see Figure 2.4) from the absorption spectrum. When an energy
reference was measured along the samples, this was used to align the spectra to one
that was arbitrarily chosen as the main reference. The edge position E0 was chosen as
the half edge height. If the energy deviation of any sample in a set was higher than
1 eV, the “calibration” plug in by Stefanie Eckner for Larch [73] was used instead of a
linear shift in energy for alignment to the other samples. It converted the energy scale
to monochromator angles, using Bragg’s law and applied a shift in angle resulting in
a non uniform shift in energy during back conversion. Hereafter, the general trend of
absorption below the edge is fitted with a linear function (pre-edge line), which is, then,
extrapolated over the entire spectrum and subtracted from the data. The general trend
above the edge is fitted with a polynomial function of degree 0 to 2, depending on the
form of the spectrum (post-edge line). A spline function that converges on the post-edge
line is used to estimate the background µ0(E) (see Equation 2.2) and remove it. The last
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step is to normalize the data respective to the edge step height, which in this case is the
difference between pre-edge and post-edge line at E0. Since it is custom to display the fine
structure in k-space, the energy is converted as described in subsection 2.2.1 and displayed
in Figure 2.4. The unweighted χ(k) is exported for further processing and analysis with
other software.
3.6. Fitting with Larch
The processing of the χ(k) was done with the Larch library [73] and self written Python
scripts, using the NumPy library [74]. The Fourier transformation was done within a von
Hann window, starting at kmin = 3 Å
−1 with a tapering parameter of dk = 2 (see sub-
section 2.2.3). The upper boundary kmax was chosen, according to the measured energy
range and the ratio of noise to the visible fine structure oscillations for each sample set
and edge. Fitting was performed in another von Hann window in the R space, with
the tapering parameter adjusted, so that the flanks of the next neighbor peak and the
window are parallel. All parameters of both the Fourier transformation and the fitting
window can be found in the appendix. For the off-stoichiometric powder samples they
are in Table A.1, Table A.2 and Table A.3. For the CZTGSe alloy powders they can
be found in Table A.4 and for the thin film samples in Table A.5. The theoretical cal-
culations for the included paths (typically only the nearest neighbor) were performed,
using Feff9 (Version 9.6 Revision 4) [75]. In all calculations performed for final results
of this thesis the following parameters were used: EXAFS=20, EDGE=K, RPATH=6.0,
LDOS=(−30, 20, 0.1), SCF=(5, 0, 30, 0.2, 1), ECHANGE=(Hedin Lundqvist, energy shift,
0.0, Hedin Lundqvist), Final State Rule=COREHOLE, SO2=1.0. The model was the
kesterite structure with the elemental composition and lattice constants, stated in the
respective chapters. Whenever multiple models seemed reasonable, the entire procedure,
described in the following section was carried out for each model to test the influence of
the model on the final results and the uncertainty.
3.7. Uncertainty tests
In order to obtain a good estimate for the uncertainty, a number of tests were performed
with different free and fixed parameters, to investigate the influence of all used parameters
on the fit. They are described in the following. When not stated otherwise, the coordi-
nation number is assumed to be N = 4 and set to that value (see subsection 2.1.4) and
the third cummulant C3 is set to 0. No higher cummulants are used. The main EXAFS
results, extracted from any fit, are r, the average distance to the nearest neighbor, and its
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variation σ2. For any test described in the following, all uncertainties and correlations,
reported by Larch, are checked and a visual inspection of the fit and data in R space is
performed, to ensure reasonable results are analysed. The tests described in the following
are performed in groups of all spectra taken in one beamtime at one edge.
Test01 S20 , E0, r and σ
2 are all free, to test if S20 and E0 are similar enough for all
samples, to warrant fixing them to the mean value over all samples in this group for all
further fits.
Test02 To test the influence of the fixing of S20 and E0 on r and σ
2, either S20 or E0 is
fixed to the mean value from Test01 and the other is fixed to values around its respective
mean. Performing fits for all samples and combinations of S20 and E0 values with free
r and σ2, yields r and σ2 as functions of S20 and E0. Linear fits of these functions are
typically valid and yield ∆r/∆S20 , ∆σ
2/∆S20 , ∆r/∆E0 and ∆σ
2/∆E0 as their slopes.
These slopes and the standard deviation of the values from Test01 allow for an estimation
of the uncertainty, introduced by fixing S20 and E0.
Test03 With S20 and E0 from Test01, N and C3 are free parameters of the fit together
with r and σ2. This shows, if the assumptions N = 4 and C3 = 0 are valid for all samples.
Additionally, it exposes the correlation of N and σ2 and C3 and r.
Test04 At this point, all parameters are set in the best way possible and only r and σ2
are free. This yields their final values for each sample as well as the uncertainty of the
fit, as reported by Larch.
Test05 With the same parameters, as used in Test04, the von Hann window in R space
is varied in its width (typically within ±0.2 Å) and tapering parameter dR (typically
within 0 to 1 Å).
Test06 In Athena the calculation of the background includes a separate FT, which
induces a cutoff of signals from distances smaller than a parameter Rbkg (default value
1 Å) and its own k-weight, called Rbkg − kw (default value 2). For a randomly selected
sample and one sample, considered to be of great importance (e.g. the stoichiometric
materials), the background removal process, described in section 3.5, is repeated with
Rbkg values between 1.0 and 1.4 and Rbkg− kw values of 1, 2 and 4. Fits are carried out
the same way as in Test04, yielding the influence of those tested parameters on the final
results.
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Test07 This is actually a set of tests to probe the influence of the FT parameters kmin,
kmax, dk and kw the k-weight. For each of these parameters Test01 and Test04 are
executed for every value of the parameter tested. kmin is varied from 1 Å
−1 to 3 Å−1. kmax
is varied from about 2 Å−1 below the optimal value up until the entire data measured is
included in the FT window. dk was tested as 1 and 4 besides the default value of 2. For
kw, each value of 2, 3 and 4 was tested individually, as well as the set 2, 3, 4 as one. The
latter is an option in Larch that uses a mixture of all three values for the fit and was
the default for any fit performed in this thesis. These tests yield r and σ2 as functions of
all FT parameters to evaluate the uncertainties for overall final results.
Many of the above tests require completely independent fits of mostly all samples with
a varying set of parameters. This amounts to about 50 fits for testing per measured
spectrum and edge, which typically totals in a few thousand fits for each data set in each
beamtime. Therefore, the systematic and detailed testing of the data was automated with
Larch and self-written Python scripts. Every fit, executed in this work, produced a
Larch feffit_report() [76] and plots of fit and data in both k and R space. All of those
were inspected for noticeable problems, such as unphysical parameters, and interpreted /
evaluated by the user. The final uncertainties for each data point are chosen by the user
based on both the quantitative as well as the qualitative influence off all parameters on
the fitting results.
3.8. Theoretical band gap energy calculations
For the CZTS, CZTSe and CZGSe ideal kesterites the group of Prof. Silvana Botti has
performed theoretical calculations of the band gap energy as a function of structural
parameters around experimental values, namely the anion’s coordinates x, y and z, the
volume V of the unit cell and the tetragonal distortion η. They used the Heyd-Scuseria-
Ernzerhof hybrid functional (HSE06) [77, 78] in the Vienna ab initio simulation package
(Vasp)[79, 80]. Kesterite band structures, resulting from the chosen exchange-correlation
functional, are in excellent agreement with experimental values [32]. The calculations
yield the fundamental band gap at the Γ point. The Projector Augmented Wave (PAW)
datasets [81, 82] (Version 5.2) with a k-point grid dense enough for 2 meV/atom accuracy
in total energy, using a cutoff of 520 eV was used. For small variations in the structural















In this equation the slopes are from the theoretical calculation and the variation of the




Kesterite type materials are a multitude of compounds with elements from many main
groups, typically with the composition I2-II-IV-VI4. However, for solar cell applications
devices are typically Cu poor and Zn rich [10, 11]. This off-stoichiometry is usually
described by two cation ratios, namely I/(II+IV) and II/IV. In the stoichiometric con-
figuration, both these ratios are 1. There are many advantages of a deviation to lower
I/(II+IV) and higher II/IV ratios, but they come at the expense of an increased number
of intrinsic point defects [10, 11, 22].
In 2016 Valle Rios et al. used diffraction measurements, to proof the existence of
kesterite phases with an off-stoichiometric composition [28]. Among these powders were
even some single phase CZTS and CZTSe samples. Later work showed similar results
for CZGSe powders [29]. In both works, the off-stoichiometry could be connected to the
formation of point defects, which were identified and quantified. Defects in turn are often
discussed as potentially detrimental to solar cell performance [10, 11, 22]. Nevertheless
recent studies also identify some specific defects as the route to overcome the performance
issues in kesterite solar cells [15].
All the discussed point defects change the atomic scale configurations around them as
discussed in subsection 2.1.4. For this thesis, all single phase powder samples from Valle
Rios et al. [28] and Gunder et al. [29] were analyzed with low temperature EXAFS at all
cation edges. The measurements on the CZTS and CZTSe samples were performed in
2016 at the ESRF LISA beamline (subsection 3.4.1) and the CZGSe samples at the P65
beamline of DESY (subsection 3.4.2). To ensure comparability of results obtained at the
two different beamlines, the stoichiometric CZTSe sample was measured in both of them.
Final results only differed in the order of their uncertainties.
To visualize the degree of off-stoichiometry in a two dimensional plot, II/IV is often
plotted as a function of I/(II+IV). Figure 4.1 shows this relation for the samples mentioned
above. While the CZTS and CZTSe samples were in the same compositional range as
typical high performance solar cells, i.e. Cu poor and Zn rich, the CZGSe samples were
mostly Cu and Zn rich. For both CZTS and CZTSe there is a light correlation of lower
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Figure 4.1.: Cation ratios of the single phase samples from [28] and [29]. For clarity the
errorbars are not shown. They are slightly below 0.02 for the CZTS and CZTSe samples
and 0.012 for the CZGSe samples. Gray lines labeled by capital letters denote the defect
types described in [22].
Cu/(Zn+Sn) corresponding to higher Zn/Sn ratios. In the CZGSe sample set, no sample
had a Cu/(Zn+Ge) ratio of 1 and mostly a higher Cu/(Zn+Ge) corresponds to lower
Zn/Ge ratios. Electronically neutral defect combinations are labeled by capital letters
and are usually referred to as defect types. All of them are discussed in detail in [22] and
the relevant ones in the compositional range of the analyzed samples are shown as gray
lines in Figure 4.1.
While the original sample set, including samples with secondary phases, covered a wider
area in the cation ratio plot, the single phase samples analyzed here covered a typical area
for high performance cells (CZTS and CZTSe) and the CZGSe sample set offers an insight
into a less spread and mostly Cu rich area of off-stoichiometry.
4.1. Structural models
From the prior analysis on the samples published in [28] and [29] it is well known that all
samples are single phase kesterites with varying degrees of off-stoichiometry and defect
concentrations. With defect concentrations less than 1021 cm−3, one point defect can be
expected in about every third or fourth unit cell [29]. Most of these defects still yield
38
4.1. Structural models
Table 4.1.: Overview of structural parameters used in kesterite structure models for Feff9
calculations to fit the CZTS, CZTSe or CZGSe off-stoichiometric powder samples. a and
c denote the lattice parameters from the source given in citation (cit.), (x,y,z) the anion
position and 2a, 2b, 2c, 2d and 8f the Wyckoff-positions.
# a (Å) c (Å) x y z 2a 2b 2c 2d 8g cit.
CZTS 5.44 10.84 0.25 0.25 0.125 Cu Sn Zn Cu S [28]
CZTSe 5.70 11.35 0.25 0.25 0.125 Cu Sn Zn Cu Se [28]
CZGSe 5.612 11.040 0.25 0.25 0.125 Cu Ge Zn Cu Se [31]
cations on cation positions and the amount of interstitials is well below 1020 cm−3. For
the EXAFS models this means that for Cu or Zn less than 4 % of the ions are in an
environment, which differs from the ideal kesterite model from the second neighbor shell
onwards, because they are on one of the other cations lattice sites. No defects of Sn
on any other lattice site have been reported. Hence, Sn is expected to always have the
standard 4 anion nearest neighbor shell and less than 4 % variations in the further shells
resulting from the defects associated with Cu and Zn. The percentage of Cu or Zn cations
that might not have the standard 4 anion nearest neighbor shell because they are on an
interstitial site is less than 2 % for all samples. Any cation that could not be attributed
to a clear lattice site was counted as such an interstitial defect. This means that there is
a very low amount of probed cations that might require differences in the model from the
second shell on and an even lower amount of cations that might have a different nearest
neighbor setting than the original kesterite structure.
For all these samples the basis of the model was, therefore, the kesterite structure.
They were varied in any combination of the following manipulations
• different lattice constants from literature were tried [28, 29, 31, 83]
• the anion position was adjusted to different values available by private communica-
tion from the authors of [28, 29, 31] and to the theoretical center position.
• Cu-Zn disorder was simulated by exchanging Zn and Cu in the model on each Cu
or Zn lattice site
None of the variations changed the end results significantly compared to the fitting uncer-
tainty. Fitting uncertainties were typically higher, when the difference between the initial
model before fitting and the final results was higher. Nevertheless, any kesterite model
yielded the same results well within their fitting uncertainties and therefore, all presented
results are from fits with the models described in Table 4.1. They are kesterites with
CZTS, CZTSe or CZGSe stoichiometric composition, the theoretical anion position right
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Figure 4.2.: Left: k2-weighted fine structure at the Cu K-edge of the most stoichiometric
powder samples. Right: Magnitude of the FT of their fine structure.
in the tetrahedron’s center and lattice constants from the original paper for CZTS and
CZTSe [28] and lattice constants from neutron diffraction experiments for CZGSe [31].
Both the k2-weighted fine structure measured on the Cu K-edge and the magnitude of the
FT for the most stoichiometric samples are shown in Figure 4.2. They are representative
for the data quality and quality of the fits for these data sets. The uncertainties of all data
sets in this chapter were dominated by the fitting uncertainty, which is directly influenced
by the SNR of the data. All materials did exhibit great data quality, however, the noise
on the CZTSe data, especially on the Cu and Sn K-edges, was lower than all the rest,
which caused the results on these edges to have the lowest uncertainties. All data was
usable beyond k = 12 Å−1 except for Cu because of the nearby Zn K-edge, which is visible
in Figure 2.2 c. The chosen structural models fit very well to the nearest neighbor peak.
The parameters of the fitting windows and the resulting average S20 and E0 are shown in
Table A.1 (CZTS), Table A.2 (CZTSe) and Table A.3 (CZGSe) in the appendix.
4.2. Local configurations
All three types of kesterites in this set contain only one element per main group. This
means that each material only has one local configuration (see subsection 2.1.4) to form
its ideal kesterite structure. These three local configurations can be found in the top row
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of Figure 4.3. Aside from the interstitial defects, there are five types of defects found in
the sample sets. Some of them exist in two or all of the materials and, hence, these local
configurations are shown with a general group IV (purple) or group VI (dark gray) ele-
ment. The concentrations of defects in the three materials from diffraction measurements
was available by private communication from the authors of [28] and [29]. For further
discussion they are displayed separately for CZTS (Figure A.3), CZTSe (Figure A.4) and
CZGSe (Figure A.5) in the appendix.
Any point defect on a cation site has the potential to change four of the original tetra-
hedra, as each cation belongs to four of them. Defects on the Zn or group IV site do create
4 identical tetrahedra, as there is only one of these sites in any tetrahedron. A defect on
one of the Cu sites can influence the tetrahedra in two different sites and, hence, create
two types of tetrahedra, twice each. This is the case for the Cu vacancy (VCu) shown in
the second row of Figure 4.3. As these defects have only been reported for the CZTS and
CZTSe samples, they are displayed with Sn as the group IV cation. Either the bottom
left or the top right Cu can be missing and a rotation is not enough to transfer one of
these tetrahedra into the other. Nevertheless, symmetry suggests that the bond lengths
in these two local environments should be very similar, if not identical. The fact that
any one VCu creates two of each kind of tetrahedron further suggests that the influence
on the EXAFS from these two local environments cannot be separated in the EXAFS
measurements conducted.
Among the other defects are both CuZn and ZnCu antisites (Figure 4.3 third row),
which together constitute the Cu-Zn disorder, present in all samples. If any of these
two exhibited a higher concentration, the excess was reported as concentration of the
respective defect and the common amount as Cu-Zn disorder. While the long range
diffraction methods do not contain information about the actual distance of these two
defects, a set of one CuZn and one ZnCu defect within one tetrahedron would result in
a rotated version of the main building block (Figure 4.3 top row) and would thus not
contribute to the EXAFS any different to those. Assuming a free distribution of the
defects over the entire bulk of the material, an average distance of multiple unit cells to the
next defect would be anticipated as discussed above [29]. However, the formation energy
for certain defect complexes are significantly lower when charge compensating defects are
interacting [46]. This could mean that while the concentration suggests a rather large
distance between defects on average, certain combinations like the Cu-Zn disorder, might
still be very close and, hence, in one joined tetrahedron. In the sample sets discussed
here the following combinations of point defects could exist: VCu+ZnCu, CuZn+ZnCu,
ZnIV+2ZnCu, CuZn+Cui and ZnIV+Zni. Assuming these pairs in one tetrahedron will
yield the following results. VCu+ZnCu, removes all Cu and leaves two Zn-Se and one Sn-Se
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Figure 4.3.: Local atomic configurations found in single phase off-stoichiometric kesterites
in [28, 29].
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bond together with an empty Cu site. As discussed above, Cu-Zn disorder (CuZn+ZnCu)
will result in a standard tetrahedron. ZnIV+2ZnCu would, if all in one tetrahedron, create
a configuration of four Zn cations around a central anion. ZnIV on its own, leaves two
Zn an two Cu around the anion. This increases symmetry in the system, hence, there is
only one type of environment with two Cu and two Zn cations. Similarly CuIV increases
the symmetry as there is only two types of cations in the system. The defect is only
reported for CZGSe and, hence, only shown as CuGe in Figure 4.3. Lastly the interstitial
defects, can create unknown configurations, as the Zn or Cu is not on any of the cation
sites anymore. Nevertheless, these interstitials are few and are expected to, therefore, not
influence the EXAFS results significantly.
There are more than two possible local configurations for any of the three kesterite ma-
terials, since there are multiple types of defects for all samples. However, their weighting
factors in the EXAFS average can be calculated from the defect concentrations reported
in [28, 29]. Nevertheless, the actual bond lengths or anion positions within each one of
the local configurations are not directly accessible, due to the averaging nature of EXAFS
measurements. Still, a significant (compared to the uncertainties) change in average bond
length and or its variation, could result from the joined influence of all defect types. The
standard configuration can be probed in the stoichiometric samples, any deviations from
this, will have to be the result of the defects joined part in the EXAFS average.
4.3. Variance of the distance distribution
The variance of the distance distribution (σ2) from fits with the models described in
section 4.1 are displayed for all three materials and all cation anion bonds within them in
Figure 4.4. This graph shows the results as a function of Cu/(Zn+IV). Furthermore, the
mean of σ2 is plotted as a dashed line for each element in each material. For all materials
there is no significant, clear trend with Cu/(Zn+IV) on the shown scale and compared
to the overall uncertainties. This is similar to what has been reported for the Cu-Se
bond in Cu(In,Ga)Se2 (CIGSe) thin films and powders [84, 85]. However the variation
in In-Se and Ga-Se bonds were reported to increase with a decreasing Cu content in the
samples. While EXAFS measurements on CZTS thin films [37] and nanocrystals [36] were
reported to show an effect of disorder on the variance of the distance distribution, their
reported variances of the nearest neighbor distance distribution showed smaller differences
than the reported uncertainties. Some of the samples in these studies were in a range of
Cu/(Zn+Sn) that reached well below 0.9. The absolute values are substantially higher in
literature as these were measured at room temperature, where as the results presented here
are obtained at temperatures below 20 K, which strongly reduces the thermal disorder.
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Figure 4.4.: Variance of the distance distribution σ2 of the off-stoichiometric CZTS,
CZTSe and CZGSe powder samples as a function of the Cu/(Zn+IV) cation ratio. The
mean for every element in each material is shown as a dashed line.
The overall uncertainties in the present data set reflect all influences tested as described in
section 3.6. These tests showed the fitting uncertainty to be the dominating influence (see
section 4.1). The differences between the values for each bond in a material are mostly
within the uncertainties except for a few outliers. For CZTSe, however, the precision of
the measurements was so high for the Cu and Sn edges, that the differences in absolute
values are significant in comparison. A reordering of the same values as a function of
Zn/IV does not change the points made in this discussion. For comparison, the plot of
variance of the distance distribution as a function of Zn/IV can be found in the appendix
Figure A.1.
For all materials the Cu-VI and Zn-VI bond lengths yield higher σ2 than the IV-VI bond.
In first order this could be a result of different force constants in these types of bonds.
The Cu-VI and Zn-VI bonds are more ionic and therefore expected to be softer, which
leads to higher variances both from thermal and static disorder. Additionally, there are
two defect types that produce local configurations that only contain Zn and Cu (ZnIV and
CuGe). These local configurations are expected to yield different bond lengths and, hence,
induce static structural variations that only affect the Cu-VI and Zn-VI bonds, increasing
their variance compared to the IV-VI bond. However, from their low concentrations, a
smaller influence of these defects on the overall variance can be expected.
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While there are a few outliers, especially in CZTS Cu-S and Zn-S, σ2 does not seem
to be heavily influenced by the off-stoichiometry, which is in good agreement with the
small weighting factors of environments that vary from the standard configuration and
are inducing slight variations in average bond lengths as discussed in the next section.
However the differences between the materials are significant. For all three materials, the
Cu-VI bond length variance is nearly on the same level. The IV-VI bond’s variance is
similar in value for CZTS and CZGSe. In CZTSe the uncertainties are much lower and
the absolute value’s average is on the lower end of the other materials typical uncertainty
intervals. With the arguments made before, the static disorder in the IV-VI bonds seems
to be rather low, which would attribute most of the measured variance to thermal disorder,
that is still present, even at low temperatures. The thermal component of the disorder
is directly influenced by the reduced mass of the atomic pair forming the board, which
is lower for Ge-Se and Sn-S compared to Sn-Se. As a lower reduced mass increases the
thermal variation, this could be one explanation for a difference in σ2 of these three bonds.
Similarly, the In-Se and Ga-Se bond in CIGSe did show comparable differences, where
the thermal component of the heavier In was lower than for the lighter Ga [85]. The ratio
of reduced masses for In-Se and Ga-Se are close to those of Sn-Se and Ge-Se. The Zn-VI
σ2, in contrast, is a bit higher on average than the Cu-S value for CZTS, a little lower
than Cu-Se for CZTSe and even lower for CZGSe. The difference between CZTS and
CZTSe could again be an effect of reduced mass, but this does not explain the differences
of CZTSe and CZGSe and it is not visible in the otherwise similar Cu-VI bonds. Hence,
it can again be expected, that the static disorder is more dominant in the Cu-VI and
Zn-VI bonds compared to the IV-VI bonds. While the CZTS and CZTSe are similar in
their Cu/(Zn+Sn) and Zn/Sn ratios, CZGSe is Cu and Zn rich, which would again only
explain differences between two of the materials and not all three. Directly connected to
this compositional differences are defect types and resulting local configuration. However,
the types of defects and their qualitative change are somewhat similar in CZTS and
CZTSe. Major differences between the two materials with Sn and the CZGSe are the
VCu defects only present in the materials with Sn and the CuGe defect only present in
CZGSe. However, both defects do contain one Zn cation in their local configuration
and would thus, add to the disorder in Zn-VI not reduce it. If any one of them did
make such a significant impact, it would also show up as a trend or difference within
the respective materials, where the relative differences in concentrations for all defects
vary significantly. Similar arguments can be made about the Cu-Zn disorder. While in
the Sn containing materials only ZnCu sometimes showed an excess, in CZGSe it is CuZn
but only significantly for one isolated sample. Again, differences in defect concentrations
within one material are so large that any defect responsible for the differences in Zn-VI
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variance between the materials, would also have to create differences in Zn-VI variance
on the same scale within the respective materials. There is no detailed knowledge about
the stiffness of the bonds, however with Zn-Se being existent in two of the materials, this
again would only suffice to explain differences in bond length variation between two of the
materials and not all three. While it is quite possible, that Zn-S and Zn-Se are different
in their force constants due to the differences between S and Se, the difference between
Zn-Se in CZTSe and Zn-Se CZGSe would have to be based on a second order effect of Se
also being bonded to either Sn or Ge, which would not be expected to be nearly identical
in influence than the difference in the actual bonding partner. With some of the above
arguments explaining either a difference in CZTS and CZTSe or CZTSe and CZGSe, it
is conceivable that the reason for this nearly equidistant differences is the connection of
multiple effect for any two materials.
4.4. Element specific average bond lengths
As discussed above, the off-stoichiometry is mainly characterized by the two cation ratios
Cu/(Zn+IV) and Zn/IV. The following discussion on a scale, on which all bond lengths of
all materials can be compared, will be based on the plot of element specific average bond
lengths as a function of Cu/(Zn+IV) shown in Figure 4.5. The qualitatively identical
plot of element specific average bond lengths as a function of Zn/IV can be found in the
appendix Figure A.2. On this y-axis scale, none of the average bond length uncertainties
are clearly visible as they all are estimated to be 2 · 10−3 Å or smaller after all tests
described in section 3.6. Uncertainties on the x-axis from WDX were communicated to
be rather conservative by the authors of [28, 29, 31]. These uncertainties are clearly
visible, which creates a lot of overlap of the data. Especially for CZTS, were the most
samples were measured. All average bond lengths exhibit no significant change on this
scale. A major reason is the small part of local configurations that differ in bond lengths
from the one for the ideal kesterite. As described in section 4.1, the defect concentrations
yield weighting factors below 0.02 for the differing environments. In total, the defects
would have to effectively - on average over all defect configurations - change an element’s
average bond length by ∆r/w (see section A.1), where ∆r is the uncertainty in the
respective bond length and w is the weighting factor of the off-stoichiometric influence in
the EXAFS average. This would amount to effective differences in bond lengths of the
local environments with defects of 0.02 Å to 0.1 Å. When comparing the cation with the
highest bond length to the one with the lowest, one gets about 0.1 Å for CZTS, 0.12 Å
for CZTSe and 0.06 Å for CZGSe. So the effective difference necessary for a significant
change could be rather substantial, as it is similar to the differences between the elements.
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Figure 4.5.: Element specific average bond lengths for off-stoichiometric CZTS, CZTSe
and CZGSe as a function of Cu/(Zn+IV). Most y-axis error bars are about the size of the
symbols or smaller and are therefore not visible.
For all three materials, the Cu-VI bond length is slightly smaller than Zn-VI. Ge-Se is
about the same amount smaller than Cu-Se. Sn-VI is significantly bigger than all other
bonds in the same material. These differences in element specific average bond lengths
are in qualitative agreement with measures of ion size like ionic or covalent radii [86].
Materials displayed next to one another only differ in the occupation of one lattice site,
which corresponds to one element. When going from CZTS to CZTSe, the S is replaced by
a larger Se, which shifts all bond lengths upwards, but keeps their qualitative distances.
This shows that the cation sublattice has to adjust to the much larger anion and therefore,
overall bigger structure that is apparent in lattice constants as well [28]. Nevertheless,
the anion position is relatively similar in both cases. Comparable results have already
been shown when comparing CuInS2 and CuInSe2 or CuGaS2 and CuGaSe2 [87], where
the qualitative differences between the cations stayed alike, when replacing S with Se.
Comparing CZTSe and CZGSe. The IV cations are vastly different in size [86], which
yields the very different Sn-Se and Ge-Se bond lengths in CZTSe or CZGSe respectively.
Additionally the lattice parameters of CZTSe and CZGSe are significantly different due
to the size difference of the group IV cations (see Table 4.1). However, the Cu-Se and
Zn-Se bonds, are nearly identical in both materials. This is the same behavior, which has
been observed when comparing CuGaSe2 and CuInSe2 or CuGaS2 and CuInS2 [87, 33].
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So far all discussions have taken place on a scale where no major influence of off-
stoichiometry could be identified. However, the fact that EXAFS uncertainties are also
not visible on this scale goes to show that a detailed, zoomed in view on the bond lengths is
paramount. To that end, the following figures will show all bond lengths for one material
as a function of both of the cation ratios. All y-axes denote the element specific average
bond length and show interval of the same width in Å to allow a good comparability of
results to one another.
4.4.1. Cu2ZnSnS4
For CZTS these plots are shown in Figure 4.6. It is clear that there is no trend to
be identified as all element specific average bond lengths overlap in their uncertainty
intervals. Therefore, a reordering of the data as either a function of Cu/(Zn+Sn) or
Zn/Sn does not yield additional insights. The only exception is the stoichiometric sample
at Cu/(Zn+Sn)=Zn/Sn=1, which is a clear outlier in Cu-S average bond length, still
slightly different in Zn-S and ties in well with the other Sn-S average bond lengths.
Two data points at this composition indicate a repeated measurement of this sample,
to showcase the reproducibility of the conducted measurements. This is the only CZTS
sample that was not processed with the others described in [28]. The sample was made
with vastly different parameters as described in section 3.1. While the bond lengths of this
sample are smaller than the others, the lattice parameters of this material are even smaller
compared to the off-stoichiometric samples. Nevertheless the resulting bond lengths are in
good agreement with previously published EXAFS results on CZTS [37, 43, 44]. The fact
that Cu seems to have been affected the most, followed by Zn and that no clear difference
is visible in Sn-S bond lengths, is another indication of the stiffness of these bonds as
discussed in section 4.3. In literature an effect of Cu and Zn content on the average
bond length within the uncertainty of the present measurements was reported for smaller
sample sets of CZTS nanocrystals with one order of magnitude higher uncertainties [36].
4.4.2. Cu2ZnSnSe4
The CZTSe sample set contained less samples and is, therefore, less crowded while cov-
ering a similar compositional range as CZTS. The zoomed in plots of element specific
average bond lengths as a function of both cation ratios are given in Figure 4.7. Testing
revealed lower uncertainties than in the CZTS or CZGSe samples as touched upon in
section 4.1, mainly because of the higher SNR compared to the other materials. While
the differences in one element’s average bond lengths are on a similar scale than in CZTS,
the lower uncertainties make them much more significant. On top of that, a clear trend
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Figure 4.6.: Element specific average bond lengths for off-stoichiometric CZTS as a func-
tion of Cu/(Zn+Sn) (top row) and Zn/Sn (bottom row).
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Figure 4.7.: Element specific average bond lengths for off-stoichiometric CZTSe as a func-
tion of Cu/(Zn+Sn) (top row) and Zn/Sn (bottom row).
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4.4. Element specific average bond lengths
defect Cu Zn Sn
ZnCu ⇓ ⇓⇓ ⇓
CuZn ⇑⇑⇑ - ⇑
ZnSn ⇑⇑ ⇑⇑ -
VCu - - -
Table 4.2.: Qualitative influence of each defect on each cations bond length to the anion
in CZTSe. An ⇑ indicates a stretching of the bond, a ⇓ a compression and a - indicates
no influence. The number of arrows indicates the number of the respective type of bond
in the defects local configuration as shown in Figure 4.3
can be identified in the Cu-Se bond lengths and might also be visible in Zn-Se, where the
uncertainties are larger. For Sn-Se none of the plots reveal any clear trend. The direction
of the trend is inverse when comparing the Cu/(Zn+Sn) plot (top) to the Zn/Sn plot
(bottom) for either Cu or Zn. This stems from the correlation seen in Figure 4.1, where a
higher Zn/Sn ratio roughly correlates with a lower Cu/(Zn+Sn) ratio. When comparing
Zn-Se to Cu-Se, the slope of the trend seems to be very similar while going in opposite
directions. The higher the deviation from stoichiometry is (lower Cu/(Zn+Sn) and higher
Zn/Sn), the higher Cu-Se and the lower Zn-Se average bond lengths are. This is the same
direction of change reported for CZTS nanocrystals [36].
The defect concentrations for these samples are displayed in Figure A.4. The defect
analysis reported Cu-Zn disorder, with an increasing excess of ZnCu defects the further
off-stoichiometric the samples are. Additionally, an increasing trend in ZnSn in the same
direction was found. While only two samples show VCu defects, their concentration is also
higher for the sample with higher Zn/Sn and lower Cu/(Zn+Sn) ratio. All environments
resulting from these defects are displayed in Figure 4.3. The qualitative influence on
each type of bond and the number of these bonds in the defects local arrangement, are
symbolized in Table 4.2. When replacing Cu with Zn (ZnCu), the bonds in the local
environment have to compress, to accommodate the bigger Zn. On the other hand for
CuZn, the Cu-Se and Sn-Se bonds have to stretch, when a smaller Cu is added instead of
the Zn. As Zn is no longer present in this CuZn environment, its average bond length will
not be influenced by this defect. Increasing amounts of ZnSn yield increasing amounts
of local configurations, where Zn-Se and Cu-Se bonds have to stretch, to accommodate
the significantly smaller Zn compared to Sn. As Sn-Se is not a part of the ZnSn defect
environment, its bond length will not be affected by this defect. While the exact extend of
each bond’s adjustment to the new situation is dependant on the unknown force constants
of each type of bond, the previous discussion of the bond length variance indicates that
Cu-Se and Zn-Se will probably adjust more than the Sn-Se bond. As there are only three
bonds in the VCu environment no stress or strain is expected, as all bonds are already
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in their ideal state for this type of material. Therefore, all bonds will keep their length
without change. This does not include any smaller effects induced by changes in the
electronic system.
Cu-Se is, hence, stretched in the CuZn and ZnSn environments and compressed in
the ZnCu local configuration. As the average bond length increases with increasing off-
stoichiometry, the stretching components are dominant. Nevertheless, the concentration
of ZnCu is typically a little higher, than the concentration of CuZn and ZnSn. Yet it is not
enough to make up for the amount of bonds affected in these surroundings. Each CuZn
contributes three stretched bonds and each ZnSn contributes two stretched bonds to the
overall Cu-Se bond length measured. The compressing ZnCu environment, however, only
has one Cu-Se bond. The combination of defects in one local configuration as discussed
above would cause the Cu-Zn disorder defects to cancel each others influence. However,
even assuming a complete cancellation of CuZn by ZnCu would leave the excess of ZnCu
countered by the ZnSn defects, which contribute twice as many Cu-Se bond lengths. Ad-
ditionally the ZnSn+2ZnCu combination would not leave any Cu-Se bonds to be affected,
hence, allowing the cancellation of the same amount of longer influences (ZnSn means
1 · 2 stretched Cu-Se bonds) and shorter influences (2ZnCu means 2 · 1 compressed Cu-Se
bonds). This defect combination has a 1:2 ratio of defects involved, therefore, it again
emphasised the higher impact of the ZnSn over the ZnCu defect. As EXAFS measures
an average weighted by the number of elements, which is directly convertible to num-
ber of bonds, the overall increase of the Cu-Se bond length is in agreement with all the
arguments made above.
Zn-Se is stretched in the ZnSn environment and compressed in the ZnCu local configu-
ration. Both local configurations contribute the same number of Zn-Se bonds, but ZnCu
has a much higher concentration than ZnSn, which could explain an overall decrease in
Zn-Se bond length. Combinations of defects, as discussed above, might cause a partial
cancellation of the ZnCu defects by CuZn. In a combination of ZnSn and a Cu vacancy, the
vacancy would enable both Zn-Se and the Sn-Se bond to adopt their natural bond length
(as discussed for the VCu above) and thus not change the measured average bond lengths.
Nevertheless, in contrast to the discussion of Cu-Se bond lengths, the two defects have
the same weighting factor through the number of bonds and hence the excess in ZnCu will
still cause reduction of the measured average Zn-Se bond length.
Sn-Se will be compressed by ZnCu and stretched by CuZn. Their local configurations
contribute the same number of Sn-Se bonds, however there is an excess of ZnCu defects.
Still, Sn-Se is expected to be far less influenced by the defects due to the comparably
higher stiffness of this bond.
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defect Cu Zn Ge
ZnCu ⇓ ⇓⇓ ⇓
CuZn ⇑⇑⇑ - ⇑
ZnGe ⇓⇓ ⇓⇓ -
CuGe ⇓⇓⇓ ⇓ -
Table 4.3.: Qualitative influence of each defect on each cations bond length to the anion
in CZGSe. An ⇑ indicates a stretching of the bond, a ⇓ a compression and a - indicates
no influence. The number of arrows indicates the number of the respective type of bond
in the defects local configuration as shown in Figure 4.3
4.4.3. Cu2ZnGeSe4
As discussed before, the CZGSe samples are mostly Cu and Zn rich and, except for the
nearly stoichiometric sample, higher Cu/(Zn+Ge) typically means lower Zn/Ge ratios.
The respective zoomed in plots are displayed in Figure 4.8. With a significant gap in
the Zn/Ge ratio of the samples, a clear identification of a trend in the element specific
average bond length as a function of Zn/Ge ratio in the bottom row of plots is nearly
impossible. Especially the difference in the two samples close to Zn/Ge= 1 shows that
the choice of the x-axis is much more important in this set. While the two mentioned
samples are nearly stoichiometric in their Zn/Ge, they exhibit the biggest difference in
Cu/(Zn+Ge) ratio, which hints at that being the determining stoichiometric change and
thus the better property to identify a trend. Zn-Se and Ge-Se have high uncertainties
compared to the Cu-Se bonds. For Zn-Se all average bond lengths are very similar, while
for Ge-Se there are differences well beyond the uncertainty, yet no clear trend with any
of the cation ratios can be seen. The only trend, significant in its direction and compared
to uncertainty is visible in the average Cu-Se bond length as a function of Cu/(Zn+Ge).
The higher Cu/(Zn+Ge) is, the lower the Cu-Se bond length is. The absolute change in
this average bond length is about two times the change seen in CZTSe before. For Zn-Se
the one value at roughly Cu/(Zn+Ge) = 1.2 might suggest a slight trend upwards, but
the rest of the dataset does not significantly support this suggestion.
The main defects reported on these powders, aside from Cu-Zn disorder, are CuGe and
ZnGe [29] (see Figure A.5). In this sample set with only few data points, no clear trend
in the defect concentrations with either Zn/Ge or Cu/(Zn+Ge) can be identified. The
main arguments made in the discussion on CZTSe about the local environments shown
in Figure 4.3 still hold true. Yet, the Ge-Se bond is smaller than Cu-Se and Zn-Se, while
still being considered stiffer. An overview over the qualitative change and the number
of bonds affected is given in Table 4.3. The qualitative findings for the Cu-Zn disorder
are identical to CZTSe as the only relevant relation, Zn-Se is longer than Cu-Se, is true
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Figure 4.8.: Element specific average bond lengths for off-stoichiometric CZGSe as a func-
tion of Cu/(Zn+Sn) (top row) and Zn/Sn (bottom row).
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for both materials. The size difference between these bonds is also very similar in both
CZTSe and CZGSe. ZnGe switches the shortest cation bond in CZGSe for the longest and,
hence, compresses two Cu-Se and two Zn-Se bonds per tetrahedron. The size difference
of the IV-Se and the Zn-Se bond is smaller in CZGSe when compared to CZTSe. CuIV,
namely CuGe, was only reported for CZGSe and replaces Ge by a bigger Cu cation in the
local configuration. Hence, the one Zn-Se and the three Cu-Se bonds will be compressed
in this local environment, compared to the ideal CZGSe tetrahedron.
All reported defects influence the average Cu-Se bond measured by EXAFS. However,
only CuZn contributes longer Cu-Se bond lengths. While this configuration contains three
Cu-Se bonds, this is also true for the CuGe environment, which yields three compressed
Cu-Se bonds, but has a more than two times lower concentration than CuZn. ZnCu
contains one remaining, compressed Cu-Se bond and ZnGe has two compressed Cu-Se
bonds, compared to the ideal CZGSe configuration. With the Cu-Zn disorder showing
identical concentrations for both defects in all but two samples, the combination of these
two in one tetrahedron could completely eliminate any longer Cu-Se bonds, except for the
only sample in this set with a Zn/Ge ratio below 1 and the highest Cu/(Zn+Ge) ratio. In
that sample, the concentration of CuZn is about twice as high as the ZnCu concentration.
So while this sample is drastically different in this regard as well as its Zn/Ge ratio, it
does blend in to the general trend visible in Figure 4.8 for average Cu-Se bond length as
a function of Cu/(Zn+Ge) as well as Zn/Ge. In the latter, nearly stoichiometric sample
(Zn/Ge=1, Cu/(Zn+Ge)=1.04), which only has a very slight excess of CuZn, was an
outlier. This is also the only sample, which did not fit the general trend of a higher
Cu/(Zn+Ge) ratio correlating with a lower Zn/Ge ratio.
Zn-Se is compressed in all defect environments it exists in, which only excludes CuZn.
With Zn replacing a smaller cation in ZnCu and ZnGe, these two types of tetrahedra
contribute two shorter Zn-Se bond lengths to the average. CuGe only has one compressed
Zn-Se bond length.
Since Ge is replaced by other cations in CuGe and ZnGe it is only affected by the Cu-Zn
disorder defects, where it is stretched in one and compressed in the other. For all but one
sample, these two defects are reported to be of the same concentration, which could cause
an effective elimination of their effects on the average or an elimination of their influence
by combination of CuZn and ZnCu in the same tetrahedron.
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4.5. Conclusion
Low temperature EXAFS measurements on off-stoichiometric CZTS, CZTSe and CZGSe
samples were conducted at ESRF and DESY. Extensive analysis in literature of these exact
powders, yielded detailed knowledge about the defect concentrations and their dependence
on the two cation ratios (Cu/(Zn+IV) and Zn/IV) used to characterise the degree of
off-stoichiometry. The variance of the distance distribution from the fits with kesterite
structure models did not exhibit clear trends with off-stoichiometry, as they have been
reported for some bonds in CIGSe [85].
A comparison of all average cation anion bond lengths in all three materials, showcased
the significant absolute differences between CZTS and CZTSe even though the qualitative
relations for the three cations were the same. In comparing CZTSe with CZGSe it could
be shown that Cu-Se and Zn-Se are nearly identical while Sn-Se in CZTSe and Ge-Se in
CZGSe are vastly different. On this scale the bond length data did not show any clear
trend with off-stoichiometry.
Nevertheless, the precision of the EXAFS results, allowed for a zoomed in analysis of
each element’s specific average bond length in each material on their own. In CZTS no
significant variations compared to the uncertainties were identified, but a stoichiometric
sample with different synthesis parameters fortified the necessity of well controlled identi-
cal synthesis of samples to allow for a comparison of absolute results. The CZTSe sample
set revealed a change in Cu-Se and Zn-Se average bond lengths, which was significant
compared to the overall uncertainties, yet small compared to the difference between the
elements. The local environments contributing to the EXAFS average were identified and
their qualitative influences as well as an estimation of their individual impact could be
discussed. The resulting changes are in agreement with the trend visible in the data. Last
but not least, in CZGSe element specific average bond lengths the change in Zn-Se was
small against the uncertainties. While it was more significant in Cu-Se and Ge-Se, only
Cu-Se could show a correlation with the Cu/(Zn+Ge) ratio. The overall change is higher
than in the CZTSe samples, however the differences between the element specific average
bond lengths are smaller in CZGSe, which consequently will yield smaller changes in local
configuration, when any cation is replaced by another. These smaller changes might hint
at multiple more subtle effects working in conjunction to create the identified trend in
Cu-Se average bond length.
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4.5. Conclusion
A detailed computational analysis with basic assumptions about the force constants of
all bonds in each of the materials might yield more information on the extent in which the
local environments around a point defect are different from the ideal configuration. These
assumptions could be derived from detailed but time-consuming temperature dependent
EXAFS measurement as it has been shown for other materials [88].
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5. The Cu2Zn(Sn,Ge)Se4 kesterite alloy
Many of the results described in the following are published in Ritter et al., Journal of
Physics: Energy, 2(3):035004, 2020 (see section 8.1). As described in subsection 2.1.3
the combination of Sn and Ge in one kesterite compound is a valid route to higher effi-
ciencies. A key feature of the kesterite structure is the position of the anion within its
surrounding of 4 cations [32], who have distinctly different bond lengths to it, as shown
in chapter 4. Especially the difference between the Sn-Se and the Ge-Se bond length is
very significant. As these two elements, share a lattice site, a rather distinct structural
difference is to be expected. Theoretical calculations [32] similar to those described in
section 3.8, show the importance of the anion position for the band gap energy, which in
turn is a key parameter in solar cell application. For this reasons, an EXAFS study of
six Cu2Zn(Sn,Ge)Se4 powder samples with 0 ≤Ge/(Ge+Sn)≤ 1 was conducted. For the
general route of synthesis see section 3.1. Results from XRD, WDX and in case of the
CZGSe (Ge/(Ge+Sn)=1) sample also neutron diffraction [31] were available. The most
important results for the EXAFS analysis were: The powders are single phase and all of
them exhibited the kesterite structure. Their lattice constants were available by private
communication from Dr. Galina Gurieva and can be found in Figure A.6. They follow
Vegard’s law and exhibit a significant change of nearly 3 %, when substituting Sn for the
smaller Ge.
The EXAFS measurements were done in transmission mode at the P65 beamline of
PETRA III at DESY in Hamburg (see subsection 3.4.2) at the Cu, Zn, Ge and Sn K-
edge.
5.1. Structural models
As the XRD analysis was reported to show that all samples have the kesterite structure
(see subsection 2.1.1), all models used for Feff9 calculations (see section 3.6), were
kesterite structures of varying lattice constants a and c and anion positions. An overview
of the lattice parameters and the relative coordinates of the anion as well as the elements
on the Wyckoff positions is given in Table 5.1. Models 1, 2, 4 and 5 to 7 contain lattice
constants from the authors of the given papers on the end materials (pure CZTSe and
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Table 5.1.: Overview of structural parameters used in kesterite structure models for Feff9
calculations to fit the CZTGSe alloys. a and c denote the lattice parameters from the
source given in citation (cit.), (x,y,z) the anion position and 2a, 2b, 2c, 2d and 8f the
Wyckoff-positions. The upper 4 models are CZTSe and the lower 3 are CZGSe.
# a (Å) c (Å) x y z 2a 2b 2c 2d 8g citation
1 5.693 11.342 0.243 0.24 0.129 Cu Sn Zn Cu Se [28]
2 5.693 11.342 0.243 0.24 0.129 Cu Sn Cu Zn Se [28]
3 5.70 11.35 0.243 0.24 0.129 Cu Sn Zn Cu Se [83]
4 5.693 11.342 0.25 0.25 0.125 Cu Sn Zn Cu Se [28]
5 5.612 11.040 0.259 0.254 0.123 Cu Ge Zn Cu Se [31]
6 5.612 11.040 0.259 0.254 0.123 Cu Ge Cu Zn Se [31]
7 5.612 11.040 0.25 0.25 0.125 Cu Ge Zn Cu Se [31]
CZGSe) [28, 31]. Model 3 uses slightly different values of a and c for CZTSe from [83]
to probe the influence of uncertainties in the models lattice constants on final results.
All models use the anion position reported from diffraction measurements for their end
materials, except for model number 4 and 7, which use the ideal position of Se. Lastly
the models 2 and 6 are identical to 1 and 5 respectively, but Cu and Zn are switched on
the 2c and 2d Wyckoff positions. With this set of models, many variations in the kesterite
structure, that are well within reason, are tested, for the influence they make on final
results, when included in or excluded from the model.
For all tested models, the results r and σ2 as well their fitting errors that are going to
be discussed in detail hereafter, are in excellent agreement. This is to be expected, as
the main part of the model is the coordination of four Se anions around the absorbing
atom. This feature is represented in all models and the changes from lattice constants or
anion position are small. The following discussions are, hence, based on model number
1 (CZTSe with diffraction data) for Cu, Zn and Sn as well as 5 (CZGSe with diffraction
data) for Ge, as there is no Ge in the CZTSe model. The k2-weighted fine structure and
magnitude of the FT for all samples at both the Ge and Sn K-edge are shown in Figure 5.1.
The windows for both the FT and the fit, as well as resulting S20 and E0 values can be
found in Table A.4. In the fine structure a rise in noise can be seen to coincide with
either decreasing (Ge edge, top) or increasing (Sn edge, bottom) Ge/(Ge+Sn). This is
due to the samples containing less of the probed element in the cases with higher noise.
The effect is much more pronounced for the Sn data due to experimental reasons like the
different energy range. A lower SNR results in slightly worse fits as most apparent on the
right sides in the magnitude of the FT. Nevertheless, the data and fit are in agreement
for all samples. There are differences in lattice constants between CZTGSe and CZGSe
for low Ge/(Ge+Sn) and CZTGSe and CZTSe for high Ge/(Ge+Sn) as visible in the
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Figure 5.1.: k2-weighted fine structure (left) and magnitude of the FT (right) for all sam-
ples at both the Ge (top) and Sn K-edge (bottom). Solid lines represent data and dashed
lines the according fit. Number labels denote the Ge/(Ge+Sn) ratio.
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Figure 5.2.: Local configurations of the Cu2Zn(Sn,Ge)Se4 kesterite alloy.
XRD results (see Figure A.6). However, the fits in these situations still yield results with
good uncertainties after all tests. This highlights again that the main feature needed for
a good representation of the data is the nearest neighbor shell of four Se anions, with the
data quality most likely limiting the fitting uncertainty. It is therefore concluded that the
choice of model is a good pick for this samples set, even more so, as the slightly worse fits
still are in good agreement with all trends in the data.
5.2. Local configurations
Considering subsection 2.1.4, the kesterite structure now contains Ge and Sn sharing
one lattice site and therefore there are just two different local configurations (tetrahedra
around a central anion), if point defects are neglected. Both are shown in Figure 5.2 in
their standard orientation as they could be found in CZTSe (left) or CZGSe (right) in
the lower left front corner of the unit cell. The difference is defined by the type of group
IV element present, therefore the ratio of occurrence of these two tetrahedra is directly
given by the Ge/(Ge+Sn) ratio. Sn and Ge, hence, only exist in one configuration, while
the results of Zn and Cu are the average of both the possible configurations weighted by
their frequency of occurrence, which in this case is the Ge/(Ge+Sn) ratio.
5.3. Variance of the distance distribution
The variances of the distance distributions of this samples set are displayed in Figure 5.3.
The displayed error bars are the overall uncertainty from the tests described in section 3.6.






Sn-Se for each value
of Ge/(Ge+Sn) and overall. Which is quite similar to what has been found for off-
stoichiometric CZTSe and CZGSe in section 4.3. As σ2 is an indicator of a probed bond’s
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Figure 5.3.: Variances of the distance distributions of the CZTGSe alloys as function of
Ge/(Ge+Sn).
stiffness, the ordering of the values makes sense, when compared with the ionicity of the
bonds. The more ionic a bond is, the softer it is. For each element, the behavior in
σ2 is similar when following Ge/(Ge+Sn) with the exception of the Ge/(Ge+Sn) = 0.89
sample. This indicates that the average bond length variation could be slightly different
in the alloys due to individual variations in Cu-Zn disorder, defect concentration or type
as well as slight deviations from stoichiometry. All these were reported as relatively small
by Dr. Galina Gurieva. In all cases but Cu, the change with Ge content is smaller than
or similar to the uncertainty and no strongly dominating effect of Ge/(Ge+Sn) ratio can
be identified. The values found for these powder samples show similar values and spread
compared to the results of the off-stoiciometric CZTSe and CZGSe powders discussed in
section 4.3. The variance in the Zn-Se bond is closer to the Ge-Se, than to the Cu-Se
results for higher Ge/(Ge+Sn) ratios, which was also characteristic for the comparison of
CZTSe and CZGSe in the previous chapter. While the qualitative positioning of the Ge-Se
variances amongst the other element specific results, is the same as for these alloys, their
absolute values are slightly higher than most of the off-stoichiometric powder’s results.
Nevertheless their uncertainty intervals are typically not disjoint. The Ge-Se variances
at higher Ge/(Ge+Sn) also tent to be lower and, thus, closer to the previous results. So
in all while there is no strong general trend with Ge/(Ge+Sn), the alloys seem to be
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Figure 5.4.: Element specific average bond lengths of the CZTGSe alloys as function of
Ge/(Ge+Sn). Most error bars are about the size of the symbols or smaller and are
therefore not visible. The solid lines depict the linear fit of the average bond length for
each bond species.
qualitatively more similar to which ever end material they are closer to. Comparable
results can be found in III-V and II-VI alloys [33], where most alloys studied did not show
a pronounced effect of alloying on the width of the distance distribution, and CIGSe [89],
where the In/III ratio did not show a significant effect on σ2. For Cu-Se the bond is
expected to be the softest and might hence react a little stronger to slight differences in
the samples aside from Ge content.
5.4. Element specific average bond lengths
The element specific average bond lengths for each cation anion bond as a function of
Ge/(Ge+Sn) are displayed in Figure 5.4. Taking all tests described in section 3.6 into
account, the uncertainties are smaller than 0.002 Å for most displayed values. The fit-
ting uncertainty for both Ge-Se and Sn-Se increased significantly the less of the specific
cation was contained in the sample. This leads to the visible error bars for Ge-Se at
Ge/(Ge+Sn)= 0.16 and for Sn-Se at Ge/(Ge+Sn)= 0.89, which are about 0.003 Å. For
each combination of cation and anion, the average bond length decreases with increasing
Ge/(Ge+Sn). Linear fits of the data shown as solid lines, are in good agreement with the
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data points and show that the two values with the highest fitting errors still follow the
slope. The slopes of the linear fits are −0.006 Å for Cu-Se, −0.011 Å for Zn-Se, −0.014 Å
for Ge-Se and −0.007 Å Sn-Se. This corresponds to a change of 0.23 % for Cu-Se, 0.43 %
for Zn-Se, 0.58 % for Ge-Se, 0.29 % for Sn-Se, from Ge/(Ge+Sn) = 0 to Ge/(Ge+Sn) = 1.
All these changes are lower than the nearly 3 % change in lattice constants comparing the
CZTSe and the CZGSe sample (see Figure A.6). The lattice constants follow Vegard’s law
and, hence, exhibit a linear change with composition from the lattice constants of CZTSe
to those of CZGSe. Similar changes can be derived from literature data [28, 31, 83]. This
difference in long range structure and element specific average bond lengths is well known
for multiple ternary and quaternary alloys of tetrahedrally coordinated compounds [33].
The basic reason for this is the difference between bond bending and bond stretching
force constants. The latter are significantly larger, which means that a system where the
bonds would fully adjust in length to the lattice constants would exhibit far higher strain,
than a system, in which the position of the anion within a local configuration would be
different from the unmixed setting, to allow very similar bond lengths to the end material
at the expense of different bond angles.
The XRD data published for CZTSe and CZGSe in general [28, 31, 83] and these samples
in particular (private communication by Dr. Galina Gurieva) yield lattice positions and
lattice parameters for the end materials. The distances of these lattice positions are in
agreement with the bond lengths shown here.
In all cases, the average Ge-Se bond length is about 0.15 Å smaller than the average
Sn-Se bond length, even though they share the same lattice site. Additionally, Ge-Se is
the smallest and Sn-Se the longest average bond length in the CZTGSe kesterite alloy.
This is a clear proof that the two local atomic arrangements discussed in section 5.2 must
differ significantly, depending on the group IV element present. It is therefore valid to
assume that the measured Cu-Se and Zn-Se average bond lengths displayed in Figure 5.4
are the average of two different individual bond lengths from the two local configurations.
EXAFS can not separate these individual bond lengths.
In total the measured element specific average bond lengths do fit all prior knowledge
about similar semiconductor materials [33]. Every group IV element has a distinct average
bond length that does change far less with Ge/(Ge+Sn) than the lattice parameters. Cu-
Se and Zn-Se are expected to be split up in two bond lengths each, for the two local
configurations, which is not resolvable by EXAFS by default.
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5.5. Anion positions
To translate the EXAFS data described in section 5.4 into anion positions of the two
separate local configurations described in section 5.2, a numerical model was developed
as follows. In general a configuration of 5 ions has 15 parameters to be described. Those
are simply the 3 coordinates for each of the 5 ions. With the assumption from the model
by Balzarotti et al. [42] (see subsection 2.1.4) that the cations (the mixed sublattice) are
fixed to their ideal lattice sites, the coordinates of the 4 cations in one local configuration
of CZTGSe are directly dependent on the lattice parameters. This leaves only the three
coordinates of the anion (the anion position). With two local configurations, as discussed
above, there are six parameters in total. As there are two identical Cu ions in each local
configuration, the bond lengths for these two can be assumed to be identical within one
local configuration. This assumption confines the anion position to a plane in which every
point is the same distance from both Cu ions. Therefore, it reduces the number of free
parameters to two per tetrahedron and four in total. In conclusion with four element
specific average bond lengths and the XRD data, there are enough constraints for a well
defined model of the two local configurations.
To allow for an easy comparison with the EXAFS data, the numerical model of the two
local structures for one Ge/(Ge+Sn) ratio can be expressed both in one anion position
per tetrahedron or as a set of resulting bond lengths for all cation anion pairs. Its main
features are the following:
• all positions are given in units of the Ge/(Ge+Sn) dependent lattice constants
• cation locations are: Cu (0, 0, 0) and (0.5, 0, 0.5), Zn (0, 0.5, 0.5) and Ge and Sn
(0.5, 0.5, 0)
• the anion is exactly the same distance away from both Cu positions, which is equiv-








• there are two tetrahedra or local configurations, one with Ge and one with Sn, each
has its own Se position
• the two anion positions are each equivalent to a set of three bond lengths per
tetrahedron, which are just the distance between a cation’s position and the anion
position and will further be called modeled bond lengths
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In order for the model to best represent the data, the difference ∆all between the modeled
(XX-Se)modeled and the measured bond lengths (XX-Se)measured must be minimized. For
both group IV elements, this difference ∆IV is just the absolute of difference of mod-
eled and measured bond lengths |(IV-Se)modeled−(IV-Se)measured|. As discussed above, the
measured Cu-Se and Zn-Se average bond lengths are the weighted average from both
tetrahedra so here with GGS=Ge/(Ge+Sn) the differences are
∆Cu =
⃓⃓⃓⃓[︃
GGS · (Cu-Se)modeled, Ge








GGS · (Zn-Se)modeled, Ge





These two formulas connect the two local configurations, hence, making them dependent
on one another. As none of the bond lengths are considered of higher priority or precision,
the overall objective function of the optimization problem, is
∆all = ∆Cu + ∆Zn + ∆Ge + ∆Sn . (5.3)
A minimization of this property was done using the optimize module of the Python
library SciPy [90]. By the choice of the cation positions, the resulting Se positions that
best fit the data, are also in the correct place to describe the 8g Wyckoff-position of the
anion.
The bond lengths resulting from the optimal anion positions are displayed in Figure 5.5.
For comparrison with the measured data, the linear fits from Figure 5.4 are displayed as
dashed lines. They are in good agreement with the modeled Ge-Se and Sn-Se bond
lengths. As it is a direct criterion for the objective function that ∆Ge and ∆Sn are small,
this agreement is an expected sign of a good fit. As discussed above, there are two values
for Cu-Se and Zn-Se each, for any mixed material. For both elements, the bond lengths
split up significantly for the two tetrahedra, with none of them fitting the measured data
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Figure 5.5.: Element specific modeled bond lengths for both configurations of CZTGSe
alloys as function of Ge/(Ge+Sn). The individual bond lengths are depicted by full
symbols while their weighted average is plotted as open symbols for Cu-Se and Zn-Se.
The solid lines are linear fits of the Cu-Se and Zn-Se modeled bond lengths. The dashed
lines represent the linear fits from Figure 5.4.
directly. Nevertheless, their Ge/(Ge+Sn) weighted average for each sample agrees well
with the dashed line. This is another expected result for a good fit, as these criteria
were defined as Equation 5.1 and Equation 5.2. All modeled bond lengths, decrease with
increasing Ge/(Ge+Sn), which as discussed above is in qualitative agreement with the
XRD data. Yet the change is small as in the measured data for the group IV elements,
but far more significant for Cu-Se and Zn-Se in both local environments. The slope of
all four of these bond lengths with Ge/(Ge+Sn) is nearly identical and equates to about
0.058 Å or 2.3 % change over the full range of Ge/(Ge+Sn). This is a clear sign of the
Cu-Se and Zn-Se bonds being softer than the IV-Se bonds as discussed in section 4.3 and
section 5.3. The finding also agrees with the general rule that more ionic bonds are softer.
Comparable results are found for example in the very similar Cu(In,Ga)Se2 material and
the Cu-Se, In-Se or Ga-Se bond within it [91].
With this limited set of two local configurations, it is possible to not only probe these
local structures with EXAFS, but in modeling it, to also split them up, even though EX-
AFS itself takes the average over both configurations. As other structural bulk methods
do also take an average in different ways, any of their findings would show similar results
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and draw conclusions one might take from Figure 5.4 alone. Just the measured data might
even suggest, that Cu-Se and Zn-Se are the stiffer bonds, reacting less to the structural
changes than Ge-Se and Sn-Se. This clearly highlights the importance of distingushing
the possible local configurations in kesterite alloys.
As discussed above, the modeled bond lengths from Figure 5.5 are equivalent to a set of
two anion positions for any sample with 0 < Ge/(Ge+Sn) < 1 and a single anion position
for the end materials, as they only contain one of the local configurations. The projections
of these anion positions on the xz and xy plane are displayed in Figure 5.6. They are given
in units of the lattice parameters (a for x and y as well as c for z) as these relative positions
are less complicated for comparison of different Ge/(Ge+Sn) ratios. The uncertainties
are roughly the same size as the symbols for some of the data points and, hence, not
visible. As traditional methods of calculating the uncertainty are not easily transferable
to numerical minimization algorithms, the shown error bars are a result of carrying out
the optimization process described above while varying the measured EXAFS data within
their own uncertainty and representing the resulting variation in anion positions as their
uncertainty. The error bars in Figure 5.6 therefore represent the stability of the model
resulting from the input data’s joined uncertainty.
Corresponding to the split in Cu-Se and Zn-Se bond lengths, a distinct difference is
clearly visible for the two local configurations. All positions from the Sn containing
tetrahedron are smaller than 0.25 in both x and y. The positions from the Ge containing
tetrahedron on the other hand, are ≥ 0.25 in these two coordinates. The reason for this
difference, is the comparably big difference in Sn-Se and Ge-Se bond lengths, which leaves
Se much closer to a Ge neighbor, compared to a possible Sn one.
In the two insets of Figure 5.6 the Se is pictured in its theoretical position, the cen-
ter of each local environment, which is marked as a black diamond in the graph. The
diagonal of the tetrahedron is shown in magenta and its projection as a dashed line in
the graph. From both projections on orthogonal planes it is evident that the relative
anion position is a linear function of Ge/(Ge+Sn). This is to be expected, as both the
element specific average bond lengths from the EXAFS measurements (Figure 5.4) as well
as the lattice parameters from the XRD parameters (Figure A.6) are linear functions of
the Ge/(Ge+Sn) ratio. The linear slope of the anion positions is parallel to the dashed
line in both projections and, hence, it is parallel to the direction of the IV-Se bond. The
IV-Se bond is thereby again shown to be the dominating one in terms of restricting the
the anion position. While the x and z coordinates are exactly on the dashed line, due
to the symmetry imposed by the two identical Cu-Se bond lengths, the y coordinate is
always smaller than x because the Zn-Se bond length is longer than the Cu-Se one.
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Figure 5.6.: Projection of the relative anion position on the xy (bottom) and the xz (top)
plane for the Ge (red) and Sn (blue) tetrahedron. The Ge content increases from right
to left as indicated by the black arrows. The dashed line is the projection of the body
diagonal of the quasi-cube spanned by the cations of the tetrahedron (magenta line in
the inset images). The xz plane is highlighted in the inset display of the Sn containing
tetrahedron and the xy plane in the one with Ge.
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The black arrows in Figure 5.6 indicate the direction of Ge/(Ge+Sn) increase. This
might give the counterintuitive impression that the IV-Se bond length is longer for higher
Ge content samples, which would contradict the EXAFS data (Figure 5.4). It is necessary
to differentiate between the relative positions and absolute distances in Å. When following
the direction of the balck arrows, the lattice constants and, hence, the dimensions of the
tetrahedra decrease because of the higher Ge/(Ge+Sn) ratio. The absolute values are
represented by the modeled bond lengths Figure 5.5 and they show the same shortening
of the IV-Se bond lengths as the data in Figure 5.4. Interpreting this aspect of the modeled
data in anion positions, it is again a result of the Cu-Se and Zn-Se bonds being softer
than the IV-Se bonds. Starting with the Sn containing tetrahedron, it has its natural
bond lengths at Ge/(Ge+Sn)= 0, where no external influence keeps the material from
adopting its energetically optimal bond lengths. Increasing the Ge content, shrinks the
lattice and therefore forces the bonds to adjust and partially compress. The strain has
less effect on the stiffer Sn-Se bond, which results in the other two adjusting more and
the Se moving relatively closer to Cu and Zn and further away from Sn. On the contrary,
the Ge containing local configuration is in its ideal state when Ge/(Ge+Sn)= 1 and no
Sn in the system imposes external strain on this tetrahedron. Relative to this state, the
bonds have to stretch when adding Sn to the alloy. The Ge-Se bond, being stiffer, does so
less than the Cu-Se and Zn-Se bonds, which results in a relatively closer position of the
anion to the Ge. As all this data is interpreted in the context of increasing Ge/(Ge+Sn)
ratio, the effect is inverted and therefore qualitatively identical to the effect in the Sn
tetrahedron.
To analyze the effect caused by all these changes, they need to be quantified, to facilitate
a comparison of the two local configurations and to implement them as the absolute
changes into Equation 3.1. The positional changes (∆x, ∆y, ∆z) are derived from the
modeled anion positions shown in Figure 5.6. As there cannot be a data point for CZTSe
at Ge/(Ge+Sn)= 1 and for CZGSe at Ge/(Ge+Sn)= 0, both data sets are extrapolated
with a 3D linear function to this values. The resulting absolute changes are reported in
Table 5.2 together with the absolute change in unit cell volume V and tetragonal distortion
η from the XRD measurements shown in Figure A.6. While they are relatively similar,
the changes in position are slightly bigger for the Sn tetrahedron than for the Ge one.
Yet, the Sn positions also had higher uncertaintites, as evident in Figure 5.6, which shows
that the function of anion position versus Ge/(Ge+Sn) ratio, is not only qualitatively,
but also quantitatively similar for the two local environments. As the lattice parameters
are global and affect both the modeled local configurations identical, the change in V and
η is the same for both local environments.
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Table 5.2.: Change in relative anion position x, y and z from the modeled data together
with change in unit cell volume V and tetragonal distortion η from the XRD measurements
shown in Figure A.6. All changes are in perspective of increasing Ge/(Ge+Sn) from 0
(CZTSe) to 1 (CZGSe).
IV ∆x ∆y ∆z ∆V (Å3) ∆η
Ge -0.0035 -0.0036 0.0017 -20.03 -0.013
Sn -0.0038 -0.0041 0.0020 -20.03 -0.013
Table 5.3.: Slope of the band gap energy as a function of x, y and z, the unit cell volume













Ge 20.66 15.95 -23.78 −1.335 · 10−2 -3.51
Sn 17.80 12.29 -14.41 −9.37 · 10−3 -1.80
5.6. Band gap energy
As mentioned in section 3.8 the group of Prof. Silvana Botti has performed theoretical
calculations of the dependence of the band gap energy of Cu2ZnSnSe4 and Cu2ZnGeSe4
on the anion position (x, y, z), the unit cell volume V and the tetragonal distortion η.
The plots of the data from these calculations is shown in Figure 5.7. The starting values
for the end materials are marked as circles for each plot. They are in good agreement
with experimental values reported in literature [10, 92]. In accordance with the starting
values, the band gap energies for CZGSe are typically bigger than the values for CZTSe.
All structural parameters were varied ±4 % percent around their starting values, which
covers the region of the measured data well enough. The tetragonal distortion η is the
only structural parameter for which the band gap energy strongly deviates from the linear
fit functions shown as solid lines. As all samples in this study exhibited η ≤ 1, the fit was
restricted to that region of interest. This effect is stronger for CZTSe, while in general
the slopes for the CZTSe are slightly smaller than the ones for their CZGSe counterpart.
These slopes are the derivatives in Equation 3.1 and are tabulated in Table 5.3.
As already visible in Figure 5.7, the slope for x and y has a different sign than for z.
Yet, decreasing the distance between the group IV element and the anion is equivalent to
an increase in x and y and a decrease in z and vice versa. Consequently this means that
because of the linearity of the anion positions visible in Figure 5.6 all single coordinates
contribute a band gap energy change with the same sign. The band gap energy is the dif-
ference between the Conduction Band Minimum (CBM) and the Valence Band Maximum
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Figure 5.7.: Band gap energies for Cu2ZnGeSe4 (red) and Cu2ZnSnSe4 (blue) from the-
oretical calculations as a function of anion position x, y and z and as a function of the
unit cell volume V and tetragonal distortion η = c/2a. The circles mark the experimental
values derived from XRD measurements. Calculations were performed for deviations of
±4 % from these values. The red and blue lines are linear approximations of the respective
data.
(VBM). Both of these properties depend on the interaction of orbitals within the tetra-
hedron, which are directly dependent on the distances between the elements. The CBM
is mainly made up of the antibonding state of the hybridization between the s orbitals
of Sn or Ge and the 4s orbitals of Se [54, 25]. In reducing the distance between the Se
anion and the group IV cation, the repulsion between the orbitals is strengthened. This
strengthening of the repulsion then increases the CBM [25]. Being relatively closer to the
IV cation, causes larger distances between Cu and Se. As the VBM is formed by the Se
4p and Cu 3d orbitals [93], the VBM is reduced by this increased distance. This behavior
is well known in Cu(In,Ga)Se2 [94]. Both of these effects change the band gap energy to
higher values, when decreasing the Se-IV distance. For the volume and the tetragonal
distortion, the results in Figure 5.7 exhibit a negative slope. They represent the lattice
parameters influence on the band gap energy. Increasing the volume, decreases the band
gap energy, a behavior well known from the dependency of band gap energy on tempera-
ture or pressure [91]. The same qualitative trend is visible for η. Taking into account all
these explanations, it can be understood that the slopes in the CZGSe environment are
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Table 5.4.: Contribution of each structural parameter to the change in band gap energy










Ge -0.072 -0.057 -0.041 0.27 0.045 0.14
Sn -0.067 -0.051 -0.029 0.19 0.023 0.06
larger, as the interactions mentioned above are stronger in this local configuration [25].
With the absolute changes from Table 5.2 and the slopes from Table 5.3, Equation 3.1
can be employed to calculate the change in band gap energy for each structural parameter
in each local environment. The total change in band gap energy for each local environment
is the sum of all these individual influences. The results can be found in Table 5.4. The
local structure, represented by the anion position, has the opposite effect on the band
gap energy compared to the long range structure represented by V and η. The unit cell
volume contributes the biggest part of the change for both environments and leaves the
overall change in band gap energy positive. η contributes similarly to the change in band
gap energy as each individual coordinate of the anion position, but with a positive sign.
The band gap energy Eg of the bulk material Cu2Zn(Sn,Ge)Se4 is well known to be a
quadratic function of the form [25, 95, 96]
Eg = GGS · EGeg,0 + (1 −GGS) · ESng,0 (5.4)
− b ·GGS(1 −GGS) .
GGS is short for the Ge/(Ge+Sn) ratio for better readability in formulas. EGeg,0 and E
Sn
g,0
are the band gap energies of the end materials CZGSe and CZTSe respectively. The
factor b scales the part of the formula that is non linear and is therefore usually called
the bowing parameter. Alternatively, for each Ge/(Ge+Sn) ratio the band gap energy is
given by the weighted average of both local environments corresponding to this GGS
Eg = GGS · EGeg + (1 −GGS) · ESng . (5.5)
Herein EGeg and E
Sn
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where the dependence of each local environment is contained in the ∆EGeg (GGS) or
∆ESng (GGS) term. As the band gap energy was shown to be a linear function of all the
structural parameters, the individual local configuration’s band gap energies are written
as linear functions of GGS with the overall changes from Table 5.4
EGeg (GGS) =E
Ge
g,0 − (1 −GGS) · ∆EGeg (5.8)
ESng (GGS) =E
Sn
g,0 + GGS · ∆ESng . (5.9)
Again all these functions are defined to follow increasing GGS from 0 (CZTSe) to 1(CZGSe).
Combining Equation 5.8 and Equation 5.9 with Equation 5.5 yields
Eg =GGS · EGeg,0 + (1 −GGS) · ESng,0 (5.10)
− (∆EGeg − ∆ESng ) ·GGS(1 −GGS) .
Equation 5.10 has the same form as Equation 5.4 with b = ∆EGeg − ∆ESng = 0.08 eV.
This means that in the terms of this analysis the non linearity of the band gap energy of
CZTGSe as a function of Ge/(Ge+Sn), is the result of the differences in band gap energy
change within the two local environments. Literature reports a bowing parameter between
0 eV and 0.29 eV, which are both from experiments and theoretical calculations [25, 54,
95, 96, 97, 98]. The remaining difference to the value reported here is most probably a
result of the displayed method only taking into account the structural changes like atomic
positions. In reality the non linearity in band gap energy is rooted in both structural
and electronic changes. The latter are very well understood and discussed for ternerary
semiconductor alloys that adopt the zincblende structure [91, 99], which as discussed
in subsection 2.1.4 is similar to the kesterite structure. The model described there to
understand the band gap energy resulting for an alloyed compound has three steps. First,
the local environments or building blocks are streched or compressed to the correct outer
dimensions, which are known from the lattice constants. Second, the building blocks
are combined to form an alloy with the correct cation ratio. This step allows for a
redistribution of electrons between the now mixed elements. The third and last step
is a structural relaxation process, in which the anions adopt their energetically optimal
positions. The second step in particular, is not taken into account in the calculations
presented in Figure 5.7 as the two kinds of material are calculated independently. These
electronic changes will additionally contribute to the bowing parameter and are therefore
expected to make up for at least part of the difference between the value found here and
the literature data.
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Furthermore, the Cu-Zn disorder affects the band gap energy as shown in multiple stud-
ies [47, 100, 101]. Assuming the degree of Cu-Zn disorder is a function of the Ge/(Ge+Sn)
ratio, another structural contribution to b is possible that EXAFS is not sensitive to. Nev-
ertheless, the results presented in this chapter, clearly show that the structural parameters
in alloyed CZTGSe yield a significant part of the band gap bowing, with the remainder
being due to electronic effects or Cu-Zn disorder.
5.7. Conclusion
Low temperature EXAFS measurements were employed to probe the local atomic struc-
ture of Cu2Zn(Sn,Ge)Se4 over the full range of Ge/(Ge+Sn) ratio. The element specific
average bond lengths for all cations to Se decrease with increasing Ge content, but far less
than the lattice constants derived from XRD measurements. The slope is even smaller
for the IV-Se bonds compared to the Cu-Se and Zn-Se bonds, as evident from a model of
the two possible local environments. This finding is consistent with the estimated differ-
ences in bond strengths, that were also apparent in the average bond length’s variations.
Within the local environments, the anion position is strongly dependent on the present
IV element and exhibits a smaller but similar change with Ge/(Ge+Sn). The anion po-
sition as a function of Ge content, is linear and along the IV-Se bond. Ab initio HSE06
calculations yield the band gap energy as linear functions of anion position as well as unit
cell volume and tetragonal distortion. Combining the data from the model of the local
structures and the theoretical calculations allows to estimate the influence on the band





Many of the results discussed in the following are published in Ritter et al., Frontiers in
Energy Research, 2021 (see section 8.1). Alloying has been widely discussed as a route
to improved solar cell conversion efficiencies both in this work (see subsection 2.1.3) and
literature [10, 11, 14]. The previous chapter with basic research on well controlled powder
samples shows the great importance of investigating the atomic scale structure of these
compounds. Yet, in solar cell devices the synthesis of the absorber has to be significantly
more rapid and less costly compared to output, plus the end result needs to be a re-
producible thin kesterite film in contrast to one small amount of powder. The shorter
time frame of such synthesis routes, gives the material less time to anneal and adopt an
ideal structure, which in turn can easily cause structural deviations up to the formation
of entirely different secondary phases [22]. Additionally the production of kesterite solar
cells adds further requirements, aside from cost and scalability of the process, such as
densely packed grains, that enable a good connection to adjacent layers like buffers or
back contacts or off stoichiometry (see chapter 4) in the main kesterite phase which has
been shown for all high performance kesterite solar cells [10, 11]. Furthermore the usage
of additional elements and materials to facilitate production, such as solvents like hy-
drazine [18], reaction agents like small amounts of Ge [27, 30] or elements from substrates
or other adjacent layers visible in the SEM pictures of the crosssection (Figure A.7), can
influence the growth and final structure of the kesterite. All in all this means that tech-
nologically relevant kesterite thin films have an entire array of additional elements that
can influence the structure and a substantially more rapid creation process that creates
a significantly less annealed sample. This gives rise to the question if the findings for
powder samples can be transferred to thin films.
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Table 6.1.: Overview of structural parameters used in kesterite structure models for Feff9
calculations to fit the thin film alloys. a and c denote the lattice parameters from the
source given in citation (cit.), (x,y,z) the anion position and 2a, 2b, 2c, 2d and 8f the
Wyckoff-positions.
# a (Å) c (Å) x y z 2a 2b 2c 2d 8g cit.
ACZTSSe 5.693 11.342 0.243 0.24 0.129 Cu Sn Zn Ag S,Se [28]
CZTSSe 5.693 11.342 0.243 0.24 0.129 Cu Sn Zn Cu S,Se [28]
CZGSe 5.612 11.040 0.259 0.254 0.123 Cu Ge Zn Cu Se [31]
To investigate this question and to widen the scope of alloyed kesterite materials anal-
ysed in this thesis, low temperature EXAFS measurements around all cation edges were
conducted on a set of (Ag,Cu)2ZnSnSe4 and Cu2Zn(Sn,Ge)Se4 kesterite thin films. These
measurements were done at the P65 beamline of PETRA III at DESY in Hamburg (see
subsection 3.4.2). SEM analysis showed the thin films to have a thickness of around
0.5 µm, which is insufficient for usable transmission mode measurements as the absorp-
tion of kesterite at around 9 keV (ca. Cu K-edge, the lowest one investigated) can be
calculated by Hephaestus to be around 5%. On top of that, the glass substrate ab-
sorbs so much of the X-ray beam that no sufficient signal could be detected in the second
ionisation chamber. The measurements were hence done in fluorescence mode (see sub-
section 2.2.4).
The thin films studied here are from an ink based process further described in sec-
tion 3.2. Their lattice constants from GIXRD measurements are available from Dr. Galina
Gurieva and provide insight in the change of long range structure with Ag/(Ag+Cu) or
Ge/(Ge+Sn).
6.1. Structural models
The GIXRD measurements indicated that all samples chosen for this study exhibit the
kesterite structure. No noticeable amounts of any secondary phase were found in EDX
analysis, but both methods as well as Raman measurements [41, 40] indicate a small
amount of residual sulfur (S/(S+Se) < 10 %) that most likely stems from the original
sulfide nanoparticles used in the synthesis (see section 3.2). An overview of the three
used models is given in Table 6.1. They are derived from the models presented and tested
in the previous chapter (section 5.1) with modifications to the given situation. The first
model included Ag instead of Cu on 2d and therefore represents ACZTSSe and was used
for the Ag K-edge spectra. The second or middle model represents CZTSSe used for Cu,
Zn and Sn. The third one is CZGSe with Ge on 2b, which was also the only element it
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was used for. As indicated in the 8g column, models 1 and 2 included S and Se on their 8g
position. To facilitate this, the input file for Feff9 was modified and one Se was replaced
by a S. The distance for this S was estimated from the CZTS measurements presented in
chapter 4 as well as measurements on CZTSSe, which are not part of this thesis. Initial
Ag-S was set to 2.3414 Å, Cu-S to 2.3177 Å, Zn-S to 2.3239 Å and Sn-S to 2.3423 Å. As
a result the spectra were fitted with two paths (Se and S). They had a common energy
shift and individual σ2, r and C3 (third cummulant, for testing only) as well as a free
factor x that split the amplitude reduction in parts of x for the S path and (1 − x) for
the Se path. Hence x was a fitting parameter allowing the algorithm to freely chose the
best S/(S+Se) ratio for the fit.
Described above are only the models used for final results. A multitude of different
tests with models with and without S and/or different anion positions or lattice constants
were carried out, with respect to both end results and their uncertainty. Similar to what
was found in the previous chapter variations of the lattice parameters or initial anion
position from XRD or literature data did not cause any noticeable changes. The window
parameters as well as S20 and E0 are given in Table A.5.
Any pure AZTSe model, with and without S, did always yield unphysical results such
as negative S20 and huge energy shifts. As a representative example, the data and fit with
two different models of the Ag/(Ag+Cu)=0.53 thin film sample are shown in Figure 6.1.
The fine structure in the left panel exhibits a significant noise in the k2-weighted fine
structure that increases with k. Hence, the upper limit of the FT window influences
the end results in the magnitude of the fitting error. This trend identified in Test07
described in section 3.6 was the same for all samples. The lower Ag/(Ag+Cu) ratio of
the other samples, made the relatively small upper boundary of 11 Å−1 necessary. On the
right hand side, the magnitude of the FT exhibits a strong peak right above a non-phase
corrected radial distance of about 2 Å, which is the influence of the nearest neighbor shell
of anions around the Ag. Isolating this area of the fit and trying to fit it with a AZTSSe
model that has a variable amount of S in this nearest neighbor shell of anions fails at
reproducing the data (yellow line), which is very clear, when comparing the data with the
paths from this model (dotted lines) and their complex sum (solid brown line). The gray
dotted line, represents the influence of the S path and the black dotted line the Se path.
A model with Ag and Cu evenly distributed over the two lattice sites, yields a great fit
(solid purple line), where the Se path (dashed black line) is dominant and the S (gray
dashed line) accounts for a slight part on the lower radial distance flank of the peak. For
the ACZTSSe model all resulting fit parameters are within reasonable boundaries, even
though the relative fitting uncertainty for the S/(S+Se) ratio was around 50%, which is
why it was not evaluated in very high detail.
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Figure 6.1.: Left: k2-weighted fine structure at the Ag K-edge from the
Ag/(Ag+Cu)=0.53 thin film sample. The cyan line is the von Hann window func-
tion applied for the Fourier transformation. Right: magnitude of the FT of the fine
structure. The cyan line is the von Hann window function which defines the region of
interest for the fit. The paths of two different models are shown as dashed or dotted,
black (Se path) or gray (S path) lines and the corresponding complex sums as a brown
(AZTSSe) or purple (ACZTSSe) solid line.
Any attempt at fitting the Ge edge spectra with a model containing S failed with unus-
able and unphysical results in most or all the fitting parameters such as negative S contents
x. Similar to the discussion above, Figure 6.2 shows the data from the Ge/(Ge+Sn)=0.5
thin film sample and paths as well as the fit of a CZGSe and a Cu2ZnGe(S,Se)4 (CZGSSe)
model to the magnitude of the FT of the data. Initial data quality on the Ge edge was
a little better and the FT window could hence extend to 13 Å−1. In non-phase-corrected
radial distance space, a similar nearest neighbor peak can be identified and selected by
the fit von Hann window. A (S,Se) mixed CZGSSe model (dotted lines) did not yield
any S contribution and was unable to reproduce the peak sufficiently, as evident from
the complex sum of the paths (solid purple line). It is congruent with the Se path as
the S path is zero and yet they do not get close to the data. A pure Se CZGSe model
with only Se nearest neighbors, yields a far better fit as apparent from the comparison
of the data (solid red line) and it’s only path (dashed black line). Since this model only
has one path, there is no further complex sum and the path directly represents the fit.
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Figure 6.2.: Left: k2-weighted fine structure at the Ge K-edge from the Ge/(Ge+Sn)=0.5
thin film sample. The cyan line is the von Hann window function applied for the Fourier
transformation. Right: magnitude of the FT of the fine structure. The cyan line is the
von Hann window function which defines the region of interest for the fit. The paths of
two different models are shown as dashed or dotted, black (Se path) or gray (S path)
lines. The complex sum of the two paths of the CZGSSe model is shown as a solid purple
line.
Interestingly the Ge-Se average bond lengths resulting from both models are similar, but
several other parameters from the CZGSSe model were obviously wrong and their relative
fitting uncertainties typically exceeded 100 %.
6.2. Local configurations
For the (Sn,Ge) samples, the situation is very similar to the one discussed in the previous
chapter (see chapter 5). There are mainly two possible local configurations as depicted in
Figure 5.2. They only differ in the group IV present (either Sn or Ge).
In the (Ag,Cu) alloys, the situation is more complex, as there are two lattice positions
that can be occupied by either Cu or Ag, resulting in four possible configurations as shown
in Figure 6.3. The upper left and lower right tetrahedron only contain either Cu or Ag
(pure tetrahedra), while the upper right and lower left ones contain one Cu and one Ag
each (mixed tetrahedra). There is no prior knowledge about the distribution of Ag and Cu
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Figure 6.3.: Local configurations of the (Ag,Cu)2ZnSnSe4 kesterite alloy.
on the three environments possible for each element. As discussed before, EXAFS is not
sensitive to a rotation of any of these local configurations. The two mixed configurations
cannot be transferred into one another by a rotation. However, the symmetry shows that
the resulting bond lengths within these two local configurations should be highly similar
if not identical. In measurement they make up one summand with the combined weight
in the EXAFS average. Since taking an average loses information, they are not separable
within the scope of the measurements performed.
As mentioned before, there is residual S in the sample, which means that potentially
any of the shown tetrahedra could exist with a S in the center, effectively doubling the
total number of possible local configurations. Nevertheless, with the knowledge from
prior analysis indicating that the S/(S+Se) ratio is less than 0.1 and the fitting routine
described above, the influence of these local configurations can be separated from the
Se results by fitting the optimal S/(S+Se) ratio. Furthermore, as discussed above, the
samples are off-stoichiometric and less annealed than powder samples. This means that
all the possible variations in local configurations due to off-stoichiometry and defects
discussed in section 4.2 are also applicable for all these samples.
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Figure 6.4.: Element specific variance of the distance distribution as a function of
Ag/(Ag+Cu) (left) or Ge/(Sn+Ge) (right). Some values are identical to other data points
and, hence, plotted bigger to make them visible.
6.3. Variance of the distance distribution
The variances of the distance distributions of this data set are displayed in Figure 6.4.
Testing of the uncertainties revealed a precision similar to both the spread with elements
and with composition. The data does, hence, not indicate any clear trend. The Sn-Se
results are the lowest, which is probably due to the stiffness of the bonds, as discussed in
the previous chapters (section 4.3 and section 5.3). Similarly Cu-Se and Zn-Se typically
have rather high values and the others range in between. While the spread of the values
of these thin films is significantly higher, than it was observed in the powder samples
(Figure 5.3) their absolute values are generally lower than those of the powder samples.
This is counterintuitive as the thin films have smaller grains (Figure A.7) and are synthe-
sized in a rapid thermal process (section 3.2). The powder samples in contrast have been
annealed for substantially longer times (section 3.1). This would suggest higher degrees of
disorder and, hence, higher bond length variations for the thin film samples compared to
the powders. Additional aspects, like strain, that are typically associated with thin film
synthesis would all increase the bond length variation rather than decrease it. Neverthe-
less, similar relations between powder and thin film samples have already been reported
for CIGSe [84, 85]. One possible route of explanation would be the grain size, which is
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Figure 6.5.: Element specific average bond lengths between cations and Se for all thin film
samples (solid symbols) and powder sample values from section 5.4 (open symbols) as a
function of Ag/(Ag+Cu) (left) or Ge/(Sn+Ge) (right). In most cases, the error bars are
about the size of the symbols or smaller and are therefore not plotted.
smaller than 1 µm for the thin films (Figure A.7) and up to 200 µm for the powder samples
after synthesis (section 3.1). If the grain boundaries act as sinks for defects, the mean
path for any defect towards such a sink, would be significantly smaller in the thin films,
hence, reducing the disorder in those grains [84] even with a far shorter period at high
temperatures. The grain size is reduced to ≤ 2 µm by the preparation for the EXAFS
measurement (see section 3.3), yet the samples were stored at room temperature and,
therefore, not annealed again at this size.
As discussed above, the shown results are from the structural models including S.
Fitting with models without S did result in higher variances of the distance distribution
overall, as the shorter cation-S bonds would effectively act as a structural variation of the
cation-Se bond in this context.
6.4. Element specific average bond lengths
The element specific average bond lengths for all cation to Se bonds are depicted in
Figure 6.5. For comparison, the EXAFS results from the powder samples obtained and
discussed in section 5.4 are added as open symbols. For most of the data, the uncertainty
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is in the order of the symbol size or smaller and, hence, not visible (≤ 2.5 · 10−3 Å). They
contain all influences tested as discussed in section 3.6.
When comparing the powder samples and the thin films, one can see a good agreement
of the data sets in Sn-Se and Cu-Se bond lengths, despite the residual S in the thin
film samples. For these elements a reasonable separation of the Se and S neighbors was
possible as described in section 6.1. The Zn-Se values are slightly lower than their powder
values, yet they are closer than the Ge-Se are to theirs. For the Ge edge, the spectra
could not be fitted with the mixed (S,Se) model and are therefore fitted with a Se only
model. Additionally, the S/(S+Se) values obtained in the fit for Ag, Cu and Zn edges
varied around a few percent. The Sn edge spectra did yield about 1.5 to 2 times more
S than these other fits. In the (Sn,Ge) series, the local configurations would suggest a
similar S/(S+Se) value for all edges, if the residual S was evenly distributed over the
local configurations. The differences in the fitting results, could be explained by S not
being present in the Ge containing environment and only in the Sn one. This could be
caused by a preferential bonding of either Sn and S opposed to Ge and S or Ge and Se
opposed to Sn and Se. Effects like this have been reported for different compounds were
both cation and anion sublattice were mixed [102, 103, 104]. When combining the two
larger elements (Sn and Se) and the two smaller elements (Ge and S) a strain is imposed
on the entire mixed system due to the maximum size differences in these combinations
as opposed to a mixed pairing of Ge with Se and Sn with S. In the cited literature this
strain was smaller than the energetic advantage in binding energies when combining the
two bigger elements and the two smaller ones. In the present combination of (Sn,Ge)
and (S,Se) these binding energies are nearly identical when comparing Ge-Se + Sn-S with
Ge-S + Sn-Se [105]. Therefore, the strain discussed before might very well be the decisive
factor explaining, why S does seem to be found in the Sn environment, but not in the Ge
one. In all cases, the models with only Se in the nearest neighbor shell did yield smaller
average bond lengths. This is due to the cation-S bond length being smaller than the
same cations bond length to Se as shown in chapter 4. When S is present in the sample,
but not separated in the model, the EXAFS results show the average cation-anion bond
length and the shorter S bonds reduce this average. The good agreement in thin film and
powder data when separating the S, shows how important it can be to thoroughly include
prior knowledge about the material in a model for EXAFS analysis. As this is a change in
the nearest neighbor shell, it emphasizes again, how important it is to correctly represent
the very local environment in the model.
In the comparison of powders and thin films there is still a difference in Zn-Se and Ge-Se
bond length compared to their respective powder samples. This difference is smaller than
the differences in bond length among the cations and the trends with Ge/(Ge+Sn) are the
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same. Part of this might be due to experimental influences, like the powder samples being
measured in transmission and the thin film samples in fluorescence mode. The overall data
quality was superior for the powder samples, due to an optimized signal to noise ratio
and advanced aging of the fluorescence detector used at the DESY beamline in 2017.
Another slight difference in the physical sample composition are the additional materials
exited by the beam. While the powder samples only contained the kesterite powder and
graphite, which does not exhibit any edges in the measured energy ranges, the kesterite
thin films came with more additional components. Figure A.7 in the appendix shows
one of multiple SEM pictures of the cross sections of the thin film samples. One can
clearly see that besides the top kesterite layer of about 0.6 µm thickness, there also is a
so called fine grain layer beneath it, a molybdenum selenide back contact and a Sn float
glass substrate. The fine grain layer consists mainly of Se and carbon, is typically between
0.2 µm and 0.5 µm and is a remnant of the selenization of the nanocrystal ink [40, 41].
Within this layer, a few residual nanocrystals have been found. However, while these will
be part of the spectra, as the nanocrystals contain all the cations, they are all sulfides
and will therefore be separated by the S fitting described above. Additionally, if the
amount was significant in all samples, this should have produced a fittable aspect in the
Ge spectra. The molybdenum selenide does not contain any of the probed elements and
did therefore not contribute to any of the data. Finally the glass substrate is Sn float
glass, with the kesterite thin films being grown on the side that was not in the Sn bath
during production. Yet, EDX measurements of the samples from all sides, performed
by Mr. Timo Pfeiffelmann, did not exhibit any significant amounts of Sn that could
have influenced the measurement. Furthermore the second ionization chamber, showed
the signal transmitted through the entire samples including the substrate to be relatively
weak. Any signal from Sn at the backside would be caused by a low intensity X-ray beam
and then itself be attenuated be the substrate before reaching the detector. Hence no
influence from residual Sn from the substrates production is to be expected.
In conclusion, the comparison of the results of this chapter and the previous one allows
the key point to be made that basic research on powder samples carries over to technolog-
ically relevant thin films, but also that the isolation of many individual influences by basic
research on well controlled samples like powders, before analyzing a complex material like
a kesterite thin film, is paramount.
In general any change in element specific average bond length is marginal compared to
the differences between the elements. This is especially so for Cu and Ag and for Ge and
Sn, which share lattice sites. This difference in long range and local atomic structure is
expected for these tetrahedrally coordinated alloys and is discussed in section 5.4 as well
as many similar materials in literature [33, 87, 106].
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Figure 6.6.: Lattice parameters a and c/2 as a function of Ag/(Ag+Cu) (left) or
Ge/(Sn+Ge) (right). Full symbols represent GIXRD measurements on the thin films
the with linear fits as gray lines. The open symbols on the left are from powder samples
published in [58]. The open symbols on the right side are the XRD results from the
powder samples discussed in section 5.4 and also shown in Figure A.6.
The expected significantly larger change in long range structure resulting from the
substitution of very differently sized cations in both types of alloys is apparent in the
lattice constants plotted in Figure 6.6. Uncertainties are smaller than the symbol size and
therefore not shown. The solid symbols represent the results from GIXRD measurements
performed by Dr. Galina Gurieva on the current thin film sample set. As indicated by the
grey linear fits, they exhibit a linear dependence on the Ag/(Ag+Cu) or Ge/(Ge+Sn) ratio
respectively. This is exactly the expected behaviour for alloyed crystals, called Vegard’s
law. The same is true for the powder sample results from XRD shown as open symbols.
While the slopes of the same types of alloys are very similar in both a and c/2, the lattice
parameters of the thin films are a little lower in all cases. This is due to the residual
S in the thin films samples, reducing the lattice constants. The difference between thin
films and powders is exactly in the order one can estimate, when assuming an amount of
S with S/(S+Se) < 10 % and appliying Vegard’s law for CZTSe to CZTS [28] or CZGSe
to Cu2ZnGeS4 (CZGS) [98]. In direct comparison the data also show that the tetragonal
distortion η = c
2a
is increasingly higher for the (Ag,Cu) alloy. While CZTSe to CZGSe
changes about 1.5 % in a and 2.5 % in c, CZTSe to ACZTSe (50% Ag) changes 2.5 % in
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a and only 0.2 % in c. Calculations like those performed in the previous chapter on the
band gap energy as a function of structural parameters (see section 5.6) could clarify how
much this would influence the band gap energy.
In comparing the small changes in the local atomic structure, to the at least by a
factor of 2 bigger changes in lattice constants, again emphasises the general model of
alloying first introduced by Balzarotti et al. [42], which was also found and discussed in
the CZTGSe powder samples in this thesis (chapter 5). The local atomic configurations
discussed in section 6.2 are like tetrahedral building blocks, who’s outer dimensions scale
with the lattice parameters and their internal anion positions shift to preserve the element
specific average bond lengths.
All arguments and discussions made so far were based on the scale of differences between
the element specific average bond lengths, as shown in Figure 6.5. However, EXAFS allows
for a very high precision in the determination of these bond lengths, to an extend, where
the uncertainties were invisible for most of the data on the previous scale. Figure 6.7 is
a zoomed in look on the same data, to the scale of an individual element specific bond
length’s change with either Ag/(Ag+Cu) or Ge/(Ge+Sn). Like before, the CZTGSe alloy
data is on the right side. While the change is small compared to the uncertainties, the
Cu-Se, Zn-Se and Ge-Se bond lengths decrease with Ge/(Ge+Sn). As there were only
two mixed (Sn,Ge) samples, both with Ge/(Ge+Sn)< 0.5, a linear fit quantifying the
change was not performed. Nevertheless, a small (linear) decrease, would be in great
agreement with the previous findings on the powder samples. For Sn, with the largest
uncertainties and no sample beyond 50 % Ge, the data does not allow for a significant
conclusion towards any change of element specific average bond length with Ge/(Ge+Sn).
On the left side of the plot both Zn-Se and Sn-Se do not display any clear trend
compared to their uncertainty with Ag/(Ag+Se). In contrast a significant increase on this
scale is clearly visible for Ag-Se and Cu-Se average bond lengths. From Ag/(Ag+Cu)=
0.3 to 0.5 the slope of this increase flattens. Generally an increasing bond length is in
accordance with the increase in lattice parameters discussed above (Figure 6.6). However
as the change in a and c is linear, a linear change in element specific average bond lengths
would be expected. Such a non-linear slope of bond lengths of alloyed elements has been
shown to be explicable by a non-random distribution of these elements on their lattice site
in Cu(In,Ga)S2 and Cu(In,Ga)Se2 [87]. A similar explanation might be possible for this
case. If the formation of two mixed tetrahedra (see Figure 6.3) is energetically different
from the formation of two pure ones, this would also create a difference in these set’s
probability of occurrence. As discussed in section 6.2 the end result of either Cu-Se or
Ag-Se is the average of their bond length in the mixed and in their own pure configurations
weighted by their frequency of occurrence. From the significant difference in Ag-Se and
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Figure 6.7.: Element specific average bond lengths between each cation species and Se
for all thin films as a function of Ag/(Ag+Cu) (left) or Ge/(Sn+Ge) (right). Note the
different scales on the left and right y-axis in the bottom most panel.
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Cu-Se bond lengths visible in Figure 6.5 one can clearly expect each of these elements to
have different bond lengths in the mixed and its pure configuration. If the distribution of
Cu and Ag over the two positions in the tetrahedron was completely independent from
another, the weighting factors for the EXAFS average could be calculated by binomial
distributions and the resulting trend in bond length as a function of Ag/(Ag+Cu) would
be clearly linear [91, 106]. This preferential formation of either mixed or pure local
configurations does not include a preferential orientation. As EXAFS is not sensitive to a
rotation of the local configurations, it could be influenced as described above, while other
methods cannot detect any long range order for Cu and Ag due to the random rotations
and placements of the building blocks in the material. Another factor that could influence
the change of bond lengths in these (Ag,Cu) alloy samples is the off-stoichiometry. The
Ag/(Ag+Cu)= 0.53 sample has both the highest Zn/Sn and (Cu+Ag)/(Zn+Sn) ratio of
all investigated ACZTSe samples. As discussed in chapter 4 any kind of defect induced
by off-stoichiometry has the potential to influence the EXAFS results, yet the exact
dependence for ACZTSe is unknown. A detailed study of the full range of ACZTSe
kesterite alloys in powder and thin film samples as well as studies on off-stoichiometric
AZTSe powder samples could eliminate or at least further confine some of the unknown
variables in this discussion and allow for a better understanding of these interesting details.
6.5. Conclusion
(Ag,Cu)2ZnSnSe4 and Cu2Zn(Sn,Ge)Se4 kesterite thin films were probed for their ele-
ment specific average bond lengths by means of low temperature EXAFS and compared
to lattice parameters from GIXRD. As expected from prior analysis of many semicon-
ductor alloys, the element specific average bond lengths exhibit a significantly smaller
change with composition compared to the long range lattice parameters. Yet, the bond
lengths of elements sharing a lattice site are vastly different from one another. For the
Cu2Zn(Sn,Ge)Se4 samples a good agreement with the powder sample results from the
previous chapter indicates that all further findings in the basic research should be trans-
ferable to thin film technologies. The inclusion of residual S in the thin films analysis
indicates a preferential formation of Sn-S over Ge-S bonds. Non-linearities in Ag-Se and
Cu-Se average bond length in the (Ag,Cu) alloys might be a hint to energetic advantages
in the formation of certain atomic scale configurations.
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This thesis presents results of low temperature EXAFS measurements on kesterite powders
and thin films. As an absorber material for solar cells, kesterite has created the need for
a wide array of analysis methods in order to pinpoint effects of various routes towards
the improvement of its solar cell conversion efficiency. In this theme, EXAFS results,
mainly the element specific average bond lengths, have been analyzed on a precision scale
of 10−3 Å, which required synchrotron radiation and extensive testing of the analysis
parameters. The main motif of the structure that was probed and discussed in many
ways, is a tetrahedron of cations around a central anion that can be found in any of the
kesterite materials. Powder samples allowed for a basic research of isolated compositional
variations affecting the atomic scale structure of the materials and thin film samples made
the connection to application and technology.
While their existence was first proven in 2016 [28], off-stoichiometric kesterite phases
are the main driver of high performance kesterite solar cells. Well analyzed, single phase
CZTS, CZTSe and CZGSe powder samples [28, 29] did not exhibit trends significant
compared to the differences in element specific average bond lengths. Yet, the precision
of the EXAFS analysis allowed for a much more detailed analysis of average bond length
for each cation. Especially the Cu-Se bond was identified to be influenced by the off-
stoichiometry. This is the result of the anion position within the tetrahedra containing a
defect adjusting to the set of cations around it. Nevertheless, this sample set also showed
that the averaging nature of EXAFS requires either an isolation of specific variation in
single sample sets or prior knowledge from basic research, in order to extract the influence
of all possible local environments in a complex system like kesterite. The results on the
off-stoichiometric powder samples do allow for an identification of the general trend and
for a comparison of three different kesterite materials. It is obvious that similar to other
semiconductor compounds [33], the local atomic configurations adjust in a way to preserve
aspects of the ideal state from pure stoichiometric materials, when compositon changes.
For example if Sn is replaced by the much smaller Ge, the Cu-Se and Zn-Se average bond
lengths nearly stay identical.
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This behaviour has been analyzed over the full range of Ge/(Ge+Sn) ratio in CZTGSe
kesterite alloy powders. While the low uncertainty of the element specific average bond
lengths in this material reveals a slight decrease with increasing Ge/(Ge+Sn), this change
is about an order of magnitude smaller than the change in long range structure charac-
terised by the lattice parameters [31]. A much more significant change in Cu-Se and Zn-Se
bond lengths compared to the IV-Se bonds was found by modelling the two possible local
configurations. This model also allowed for a detailed analysis of the anion position that
is significantly dependant on the IV element present in a local configuration. The change
of anion position with Ge/(Ge+Sn) within one such tetrahedron is small. Yet, together
with theoretical ab initio calculations [32] it could be identified to significantly influence
nearly half of the very important band gap bowing.
All this basic research allowed for the analysis of even more complex technologically
relevant thin films [40, 41]. (Ag,Cu)2ZnSnSe4 and Cu2Zn(Sn,Ge)Se4 alloying, residual
sulfur, off-stoichiometric composition, and experimental restrictions had to be addressed.
However, the Cu2Zn(Sn,Ge)Se4 thin films showed a good agreement with the prior basic
research on powder samples and both types of alloys hinted at further interesting details.
A preferential Sn-S bonding as opposed to Ge-S was hinted at by the inclusion of the
residual S in the analysis. Also non-linearities in the Ag-Se and Cu-Se bond lengths
might show, that some of the four possible local configurations in (Ag,Cu)2ZnSnSe4 are
formed with higher probability without creating a detectable long range structure. Both
these details are not detectable as such by long range methods.
While providing very specific structural details on kesterite type materials, this thesis
also carries over a general model from other semiconductors to kesterite. The model of
tetrahedral building blocks first described by Balzarotti et al. [42] and widely applied to
other materials [33], explains how the local atomic structure is not just an averaged reflec-
tion of the long range parameters, without contradicting them. In providing important
details to improve the detailed knowledge about kesterites and their behavior and critical
input to enhance theoretical calculations [32] this thesis also offers a perspective on what
can be done in the vast field of kesterite type materials by means of EXAFS. Further anal-
ysis of the data from the off-stoichiometric samples might expand the separation of the
individual defects influence. In general any broadening of kesterite type samples suitable
for EXAFS analysis, such as the full range of (Ag,Cu)2ZnSnSe4 or Cu2ZnSn(S,Se)4, might
clear open questions found herein or open new lines of questioning. Finally the advance
of experimental technologies might make EXAFS more available and could expand the
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• Philipp Schöppe, Sven Schönherr, Roland Wuerz, Wolfgang Wisniewski, Gema
Mart́ınez-Criado, Maurizio Ritzer, Konrad Ritter, Carsten Ronning, and Claudia
S. Schnohr. Rubidium segregation at random grain boundaries in Cu(In,Ga)Se2 ab-
sorbers. Nano Energy, 42:307–313, 2017.
Own contribution: participant of beamtime, discussion of results and manuscript.
93
8. Publications
• Stefanie Eckner, Konrad Ritter, Philipp Schöppe, Erik Haubold, Erich Eckner, Jura
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entire project, the work was supervised by Prof. Claudia S. Schnohr. During the time in
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in this group and they provided access to all their published and unpublished data
on those samples, as well as additional measurements of GIXRD on the kesterite
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energies for CZTSe and CZGSe were performed by this group.
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and Konrad Ritter. Local contact: Francesco d’Acapito
– DESY 2016 - Participants: Claudia S. Schnohr, Cora Preiß, Stefanie Eckner
and Konrad Ritter. Local contact: Edmund Welter and Roman Chernikov
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– DESY 2017 - Participants: Claudia .S Schnohr, Cora Preiß, Maurizio Ritzer
and Konrad Ritter. Local contact: Edmund Welter and Ruidy Nemausat
• EDX measurements - Detailed EDX measurements were performed by Timo Pfeif-
felmann for a set of the thin film samples, to ensure that there is no residual Sn
from the substrate production.
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EDX Energy-Dispersive X-ray spectroscopy
EXAFS Extended X-ray Absorption Fine Structure spectroscopy
FT Fourier Transform
GIXRD Gracing Incidence X-ray Diffraction
HSE06 Heyd-Scuseria-Ernzerhof hybrid functional
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SEM Scanning Electron Microscopy
SNR Signal to Noise Ratio
WDX Wavelength-Dispersive X-ray spectroscopy
XAFS X-ray Absorption Fine Structure spectroscopy
XANES X-ray Absorption Near-Edge Structure
XAS X-ray Absorption Spectroscopy
XRD X-ray Diffraction
XRF X-ray induced Fluorescence
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A.1. Off-stoichiometric Cu2ZnSnS4, Cu2ZnSnSe4 and
Cu2ZnGeSe4
Table A.1.: Final parameters of the windows and average results of S20 and E0 for all
measured K-edges on CZTS samples.
Edge kmin kmax dk Rmin Rmax dR S
2
0 E0
Cu 3 12 2 1.5 2.5 0.8 0.82 0.01
Zn 3 15 2 1.4 2.5 0.8 0.90 0.04
Sn 3 16 2 1.4 2.5 0.8 1.00 0.75
Table A.2.: Final parameters of the windows and average results of S20 and E0 for all
measured K-edges on CZTSe samples.
Edge kmin kmax dk Rmin Rmax dR S
2
0 E0
Cu 3 12 2 1.5 2.7 0.8 0.90 0.50
Zn 3 15 2 1.4 2.8 0.8 0.92 0.50
Sn 3 16 2 1.6 2.9 0.8 0.99 1.02
Table A.3.: Final parameters of the windows and average results of S20 and E0 for all
measured K-edges on CZGSe samples.
Edge kmin kmax dk Rmin Rmax dR S
2
0 E0
Cu 3 12 2 1.4 2.8 0.8 0.78 0.83
Zn 3 15 2 1.6 2.7 0.8 0.84 -0.87
Ge 3 15 2 1.4 2.7 0.8 0.91 2.45
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Figure A.1.: Variance of the distance distribution of the off-stoichiometric CZTS, CZTSe
and CZGSe powder samples as a function of the Zn/IV cation ratio. The mean for every
element in each material is shown as a dashed line. The similar plot as a function of
Cu/(Zn+IV) is discussed in section 4.3.




































Figure A.2.: Element specific average bond lengths for off-stoichiometric CZTS, CZTSe
and CZGSe as a function of Zn/IV. Most y-axis error bars are about the size of the symbols
or smaller and are therefore not visible. The similar plot as a function of Cu/(Zn+IV) is
discussed in section 4.4.
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A.1. Off-stoichiometric Cu2ZnSnS4, Cu2ZnSnSe4 and Cu2ZnGeSe4
A.1.1. Significance of change in the off-stoichiometric powders
A bond length b is determined by EXAFS for a stoichiometric sample. For an off-
stoichiometric sample, the measured EXAFS bond length m in that material is
m = b · (1 − w) + o · w (A.1)
where w is the weighting factor of the off-stoichiometric environments and o is the average
bond length within all these environments. For one type of bond defined by the cation,







Where i and j identify the local environments created by defects and c is the part of the
cations of the investigated type that are in each local environment. This does not take into
account that the outer dimensions of a local environment change with lattice constants,
as all results in this thesis, indicate that the system always tries to keep average bond
lengths within a local environment independent from that by shifting the anion position.
To be named significant within an uncertainty, the difference between the stoichiometric
configuration’s bond length b and the bond length m in the off-stoiciometric sample has to
at least amount to the uncertainty ∆b of b. Hence, the following minimal requirement for
x = o− b the difference between the effective and the ideal off-stoichiometric environment
has to be fulfilled
m = b + ∆b (A.3)
b · (1 − w) + (b + x) · w = b + ∆b (A.4)
(b + x) · w = b + ∆b− b · (1 − w) (A.5)
(b + x) = (b + ∆b− b · (1 − w))/w (A.6)
x =
(︁


















x = ∆b/w (A.11)
This means that the necessary difference in bond lengths of the off-stoichiometric local
configurations depends on the uncertainty and their weighting factor.
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Figure A.3.: Defect concentrations for the single phase CZTS samples from [28]. On the
left they are given as a function of Cu/(Zn+Sn) and on the right the same values are
shown as a function of Zn/Sn. No uncertainties are displayed for clarity.


























































Figure A.4.: Defect concentrations for the single phase CZTSe samples from [28]. On the
left they are given as a function of Cu/(Zn+Sn) and on the the right same values are
shown as a function of Zn/Sn. No uncertainties are displayed for clarity.
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Figure A.5.: Defect concentrations for the single phase CZGSe samples from [29]. On the
left they are given as a function of Cu/(Zn+Sn) and on the right the same values are
shown as a function of Zn/Sn. No uncertainties are displayed for clarity. They can be
found in the original source.
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A.2. The Cu2Zn(Sn,Ge)Se4 kesterite alloy
A.2. The Cu2Zn(Sn,Ge)Se4 kesterite alloy
Table A.4.: Final parameters of the windows and average results of S20 and E0 of the
CZTGSe for all measured K-edges.
Edge kmin kmax dk Rmin Rmax dR S
2
0 E0
Cu 3 12 2 1.4 2.8 0.6 0.89 -0.15
Zn 3 15 2 1.6 2.7 0.5 0.90 0.09
Ge 3 15 2 1.4 2.7 0.5 0.98 -0.72
Sn 3 14 2 1.6 2.8 0.6 1.00 -1.1























Figure A.6.: Lattice constants of the CZTGSe alloys discussed in chapter 5 as function of
Ge/(Ge+Sn) by private communication of Dr. Galina Gurieva. The lines are linear fits
of the data to serve as a guide to the eye and showcase the accordance with Vegard’s law.
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A.3. (Ag,Cu)2ZnSnSe4 and Cu2Zn(Sn,Ge)Se4 kesterite
thin films
Table A.5.: Final parameters of the windows and average results of S20 and E0 of the thin
film samples for all measured K-edges.
Edge kmin kmax dk Rmin Rmax dR S
2
0 E0
Cu 3 12 2 1.5 2.7 0.8 0.78 0.83
Zn 3 13 2 1.6 2.7 0.8 0.84 -0.87
Ge 3 13 2 1.5 2.6 0.8 0.97 0.52
Ag 3 11 2 1.7 2.8 0.8 0.61 1.1





Figure A.7.: SEM picture of the cross section of the CZTSe thin film sample discussed in
chapter 6 by private communication of Dr. Charles Hages.
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A.4. Summary according to §11(4) of the doctoral
regulations
The human need for energy is ever growing and one major route towards sustainable,
renewable and environment friendly energy is the many different kinds of photovoltaics [1].
The most prominent and widely used example are Si based technologies [5]. However, in
the need for a massive increase in the total solar cell surface on earth, several other
materials, such as CIGSSe, have shown the great possibilities of thin films in solar cell
applications. The kesterite family of materials, characterised by their eponymous crystal
structure, promises a thin film technology, based on non-toxic materials, that are not
CRM [10, 11]. While kesterites can be synthesized in many different ways and are very
promising in theory [13, 15], the 2013 record for laboratory device efficiency of 12.6 % [18]
has not been broken so far [19, 4]. Furthermore, this record is far below any threshold
for large scale industrial usage or the values achieved by other technologies [3]. The main
problems in the kesterite absorber, discussed in literature, are rather high open circuit
voltage deficit and various kinds of defects [10, 11]. The Cu2ZnSn(S,Se)4 record material
already exhibits two characteristic routes for improvements tried in many different ways.
Alloying of certain elements, that share a lattice site in the kesterite structure, as has
proven highly efficient in the closely related CIGSSe and shows a multitude of different
ways to tune kesterite properties [14]. Additionally, high performing devices usually differ
from the ideal stoichiometry in being Cu poor and Zn rich [10, 11].
This multitude of methods of synthesis, used elements and their exact ratios and a
not yet competitive efficiency require a very wide range of methods for characterisation of
solar cell devices and basic research on the absorber materials. Amongst these many meth-
ods, EXAFS has been shown to be a great tool on the structurally similar CIGSSe [33]
and it has already been applied on specific kesterite materials [38, 43, 39]. This thesis
represents a study of the local atomic structure of different kesterite type materials by
means of low temperature EXAFS. Well analysed powder samples are probed for their
atomic scale structural parameters. This enables basic research on the influences of ei-
ther off-stoichiometry in Cu2ZnSnS4, Cu2ZnSnSe4 and Cu2ZnGeSe4 or cation alloying
in Cu2Zn(Sn,Ge)Se4. The very local results compliment the wide range of knowledge,
obtained by long range methods [28, 31, 29] and offers important input for theoretical
calculations [32]. The samples were provided by the authors of [28, 31] Two sets of
technologically relevant (Ag,Cu)2ZnSnSe4 and Cu2Zn(Sn,Ge)Se4 thin films close the gap
between basic research and applied technology. These samples were provided by the
authors of the according publications [41, 40]. They showcase the need for prior basic
research, but also exhibit details, that are not accessible with other long range methods.
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It is shown, that off-stoichiometry has no pronounced effect on the average element
specific bond lengths in CZTS. In CZTSe there is a clear correlation between the types of
defects, their concentrations and the local structure as a function of Cu/(Zn+Sn). The
Cu-Se bond length is clearly reduced for Zn rich and Cu poor compositions. CZGSe is a
more complex system with smaller differences in element specific average bond lengths,
however a clear trend in Cu-Se is identified.
The element specific average bond lengths in Cu2Zn(Sn,Ge)Se4 kesterite alloys are weak
functions of Ge/(Ge+Sn) ratios, compared to both their differences or the change in global
lattice parameters. The material consists of two kinds of tetrahedra, with either Sn or
Ge and two Cu and a Zn cation around an anion. These building blocks are significantly
different in regards to their anion position. The anion positions within can be extracted
by a well defined model. The model shows that Cu-Se and Zn-Se as the weaker bonds are
different in the two local environments and change far more with Ge/(Ge+Sn) than the
IV-Se bonds. Together with theoretical calculations the structural part of the band gap
bowing due to alloying can be estimated as 0.08 eV.
The results from the aforementioned powder samples are in great agreement with results
from the kestertie alloy thin films. EXAFS data analysis including the residual S in the
samples hints at a preferential bonding of Ge-Se or Sn-S in Cu2Zn(Sn,Ge)Se4. Non-
linearities in the Ag-Se and Cu-Se bond lengths are indications of a preferential formation
of certain local atomic configurations due to energetic advantages.
All results in this thesis are in good agreement with long range and EXAFS literature
data and findings in similar semiconductor compounds. The high precision of the low
temperature EXAFS measurements grants access to very subtle changes in local atomic
configurations and in turn and understanding of fine details kesterites that are not acces-
sible by many other methods.
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Sánchez, Haibing Xie, Mónica Colina, Marcel Placidi, Paul Pistor, Victor Izquierdo-
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[85] C. S. Schnohr, S. Eckner, P. Schöppe, E. Haubold, F. d’Acapito, D. Greiner, and
C. A. Kaufmann. Reversible correlation between subnanoscale structure and Cu
content in co-evaporated Cu(In,Ga)Se2 thin films. Acta Mater., 153:8, 2018.
128
Bibliography
[86] R. D. Shannon. Revised effective ionic radii and systematic studies of interatomic
distances in halides and chalcogenides. Acta Crystallographica Section A, 32(5):751,
1976.
[87] S. Eckner, H. Kämmer, T. Steinbach, M. Gnauck, A. Johannes, C. Stephan,
S. Schorr, and C. S. Schnohr. Atomic-scale structure, cation distribution,
and bandgap bowing in Cu(In,Ga)S2 and Cu(In,Ga)Se2. Appl. Phys. Lett.,
103(8):081905, 2013.
[88] S. Eckner, A. Johannes, M. Gnauck, H. Kämmer, T. Steinbach, S. Schönherr,
R. Chernikov, E. Welter, M. C. Ridgway, and C. S. Schnohr. Bond-stretching
force constants and vibrational frequencies in ternary zinc-blende alloys: A system-
atic comparison of (In,Ga)P, (In,Ga)As and Zn(Se,Te). EPL (Europhysics Letters),
126(3):36002, 2019.
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